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During the last year, we finished our work on eleccronic 1maging We have’ o
developed a new type of acoustic microscope which is capable of mé;suring . -
both the phase and amplitude of an acoustic wave. With this system, we

have been able to measure the thickness of films of a few thousand Angsctoms
thick using a 50 MHz microscope with an acoustic wavelength in water of 30§E:2gdC5JDHJ

An interesting feature has been that we can now measure the amplitude and .
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phase of the V(z) curves (the variation in the amplitude of the signal received

at the microscope determined as a function of the distance z of the surface ;
of .the soiid object from the focus). The two papers on this subject to be :
published in the I[EEE Ultrasonic Transactions in April 1985 form part of che >
/Xépendix of this report. During the year we have begun to work on a new ;
type of scanning optical microscope which uses a Bragg cell to scan an optical jg
beam. ééu@)early results indicate that we can measure the thickness of trans- 4
parent and opaque films to gccuracies. ;‘
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APPLICATION OF NONDESTRUCTIVE TESTING TECHNIQUES TO MATERIALS TESTING

by
G. S. Kino

SYNTHETIC APERTURE IMAGING

During the last year, we finished our work on electronic imaging. This
culminated in a Ph.D. thesis by Kent Peterson, "Real-Time Digital Synthetic-
Aperture Image Reconstruction." We wrote an invited paper for the Special
Issue on Digital Imaging of the IEEE Transactions on Sonics and Ultrasonics,
"Real-Time Digital Image Reconstruction: A Description of Imaging Hardware
and an Analysis of Quantization Errors," by D. K. Peterson and G. S. Kino.
This work summarized a body of theory developed to determine the sidelobe,
grating lobe, and digital errors that occur in synthetic aperture imaging and
other imaging systems. The results, which are confirmed by experiments, are
fundamental to the design of all computer processed imaging systems. The

paper is included as an Appendix of this report.

ACOUSTIC MICROSCROPY

We have developed a new type of acoustic microscope which is capable of
measuring both the phase and amplitude of an acoustic wave. By using short
tone bursts, we can separately measure the phase delay of the Rayleigh wave
induced on a solid substrate, and the phase of the specular reflection from
the substrate. Since we can measure phase to an accuracy of 0.1° , it is

possible to measure changes in height to an accuracy of better than a thou-

sandth of a wavelength.

s
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With this system, we have been able to measure the thickness of films of
a few thousand Angstroms thick using a 50 MHz microscope with an acoustic
wavelength in water of 30 um . We have also used the device to determine the X
material properties of films and various types of solids by making extremely
accurate measurements of the phase velocity of Rayleigh waves.

An interesting feature has been that we can now measure the amplitude and '

phase of the V(z) curves (the variation in the amplitude of the signal re-
ceived at the microscope determined as a function of the distance z of the
surface of the solid object from the focus). We have developed inverse Four- N
ier transform procedures to invert this data that enable us to directly mea-

sure the longitudinal wave, shear wave, and Rayleigh wave velocities.

The two papers on this subject to be published in the IEEE Ultrasonic .
Transactions in April 1985 form part of the Appendix of this report. y
¢
SCANNING OPTICAL MICROSCOPE .
During the year we have begun to work on a new type of scanning optical

microscope which uses a Bragg cell to scan an optical beam. The device is the
first optical microscope capable of making quantitative measurements of optic- )
21 amplitude and phase simulitaneously. The concept arises directly out of our ;
work on the acoustic microscope, where we began to realize how useful it is to .‘
'

measure both the amplitude and phase of the coherent wave. The work on the
acoustic microscope also taught us how to eliminate speckle in a coherent wave
system,

Our early results indicate that we can measure the thickness of trans-
parent and opaque films to accuracies of the order of 30 A . A preprint of
our work on this subject is included in the Appendix. A thesis is currently
being finished on this work and on our fiber-optic sensor, "Characterization -

of Surface Vartations Using Optical Interferometry,” by R. L. Jungerman.
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'Real-Time Digital Image Reconstruction: A
| Description of Imaging Hardware and an
Analysis of Quantization Errors

Abstract—General-purpose computers have been used to reconstruct
images for more than two decades. Although computer-based recon-
struction is versatile, it is notoriously slow. A real-time digital acoustic
imaging system (called DAISY) is described, which is capable of recon-
structing more than thirty new image frames per second. Both the
imaging hardware and its operation are discussed. The lattet portion of
this paper is concerned with the effects of quantization errors in digital
imaging systems. The discrete nature of both the data (digitized signal
data) and the aperture (array apertures) are considered. The discussion
is couched in general terms and is not specialized to acoustic imaging
alone.

I. INTRODUCTION

ENERAL-PURPOSE digital computers have been used
Gto reconstruct images for more than two decades now.
Although computer-based reconstruction is versatile, it is
notoriously slow. For some applications, such as oil explora-
tion, this is only a nuisance. For other applications, real-time
capability is a necessity. Forinstance, cardiac imaging, whether
X-ray or acoustic, requires that images literally be reconstructed
within a fraction of a heartbeat.

Real-time image reconstruction is also desirable because it
allows interactive examination of the object. The operator
obtains immediate feedback when the object is moved or
changed. This makes 1t possible to adjust the position of the
transducer to obtain an optimum image.

In most digital image reconstruction systems, the imaging
process can be broken int» two phases. First, the signal data
is collected from a seque. = of transducer positions or orienta-
tions (e.g., microwave ar:-nnas, X-ray detectors, acoustic
transducers) and stored 1in a digital form for subsequent image
reconstruction. Then the signal data is rearranged by one of
several algorithms (backprojection, synthetic-aperture, holog-
raphy, etc.) to reconstruct an image. As long as the signal data
has been sampled above the Nyquist rate, a computerca be
used to interpolate the data to any destred accuracy and to
reconstruct the image.

Real-time digital imaging systems, on the other hand, do not
enjoy the same luxury. Real-time interpolation of the data set

Manuscnipt received March 1, 1984 revised June 22, 1984, This
work was supported under Air Force Otfice of Scientific Rescarch
Contract F49620-79-C.0217,
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would require a machine capable of hundreds of millions or
even billions of interpolations per second. Currently, this is
not feasible. Therefore, real-time digital imaging systems must
make direct use of the quantized data samples, as stored.

In this paper we shall describe a real-time synthetic-aperture
digital imaging system called DAISY (an acronym for digital
acoustic imaging system). The basic operation of this system
has been described elsewhere {6], [7]. The main applica-
tion of DAISY is in acoustic nondestructive testing (NDT) of
materials. Over the last several years, DAISY has been used in
several NDT experiments ranging from imaging simple man-
made defects (3] to the visualization of fatigue cracks using
shear, longitudinal, and Rayleigh acoustic waves [14], (15].
As we gained experience with the imaging system, it became
clear that there were certain aberrations in the images which
were due, not to shortcomings of the hardware, but to quanti-
zation errors intrinsic in the image reconstruction algorithm
itself. Indeed, as the hardware improved in quality, these
aberrations became increasingly evident. Two examples are
shown in Fig. 1. On the left is an image of a point target. In
addition to the main lobe and barely perceptible sidelobes,
there is a mottled region flanking the object in a sideways
“bow-tie” shape which sags towards the left. At the right in
Fig. 1 is the image ot a flat specular (mirrorlike) reflector. The
image shows he correct location and shape of the object, but
also exhibits a fine “'serration” pattern. It was found that
aberrations such as these could be traced to quantization
errors in the digital image reconstruction.

We have developed an analytic theory which explains the
effects of quantization errors in the digital reconstruction,
particularly quantization sidelobes in near-field images. These
sidelobes are quantitatively and quahtatively different from
those which have been considered in far-field imaging systems
such as phased-array radar, and are closely related to the side-
lobes of an optical Fresnel zone phase plate. This theory
explains most of the charactenstics of images observed 1n
earhter expeniments with DAISY (e, Fig. 1), and descnbes
the dynamic-range limitations of real-time digital imaging sys-
tems due to quantization errors. These results pertain not
only to digital synthetic-aperture imaging systems, but also,
with minor changes, to other image reconstruction methods
which use a finite number of array elements and/or a finite
number of delay steps (e.g., real-ime analog imaging systems
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Fig. 1. Typical real-time images trom DAISY. (a) A puint object (thin
wire in water). (b) A specular object (the edge of an aluminum block).

with switchable delay lines, charge coupled devices (CCD’s)
or other finite delay elements).

DAISY hardware and the execution of the image reconstruc-
tion algonthm with this hardware are described in Section I1.
At the heart of the real-time reconstruction hardware is a
so-called “focus map™ which 1s a Jook-up table containing .11
of the information needed to reconstruct images in real time.
The reasons for using a “focus map™ are discussed in detail in

Section 1.

In Sections IV und V, we exanune the effects of delay quan-
tizationerrors on the pomnt spread function (PSF) of an imaging
svstemn i both the far ticld and the near tieid. It is shown that
delay quantization errors produce 4 series of “delay quantiza-
ton dobes™ w the tar field und a senies of “subsidiary foci™ in
the neir field.

Then we turn our attention to the special problems encoun-
tered with digital imaging systems employing sampled apertures
(i.c..systems which sutter trom both tempaoral and spatial sam-
phng errors). Section VI examines the effect on the point
spread funcuon, while Section VI examimes the effect on
images of specular reflectorns.

Scction VI s a briet discussion of the effects of signal
amplitade quantization eriors,

1. DAISY Hawowawt !

The mam problem i making o nme-delayed acoustic imag-
ing system operatine moreal tinie s the provision of suitable
delay elements Domped delay hines have heen used tor this
purpose. Sach el dies tend 1o he bulky and linited in
flexabibty - COD debay lines bave also been suggested for this

SRR
purpose |19 Ty exticmely attractive coneept. but

IVOlves ot o oo ] Jevelopment.

We h o o b stem e w el the return echo
siiabs e RAM atd the time delay
ISeblncg e PPrOapLLate points m~

-
TDAISY wac o oo b D ST

University areonnd 0 st
hoardw gre reter 1o s th s A RO b Nt o, Apertate, Dyital
Acoustin Tnosans Svocse ot e b et Stnfoed
University, sbsoravanlabic ss Grnzton | by Ropoat No V4449

June 19R2

O tea ot the i peng

. . ..
e, F A,
LS B N n, J).A:'JJ.'L‘.'..A:'.::'.!_}J..

IEEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. SU-31. NO. 3, JULY 1984

ACOUSTIC
TRANSOUCER

~EH D)) ))

ANALOG -70-
DIGITAL
ICONVERTER

. . ‘

a7

0ATa
MEMORIE S
1
— 1024 « 8 BITS
A ALY -YO-;
D‘GI'AL-‘ij ANALOG |
. . . CONVFRTER
Dol : sopce | conveRTeR,
.
I
|

!,,,.

(]

|
0:SPLAY |
f ¥y

.1
CONTROL
FOCUS FOCUS
TIMING AND b——~
STEERING MEMORY INTERFACE L————~J
LoGIC 4096 1 96 BITS Looere |
- ———
L< TONYROL
krow T PANEL |
COMPLTER

Fig. 2. Block diagram of DAISY huardware,

the RAM's. This has the great advantages of flexibility, rela-
tive case of programming, and ever increasing availability of
sophisticated high-speed digital components. It has the dis-

advantages of high power consumption and relatively expen-
sive analog-to-digital (A-D) converters for real-time systems.

The DAISY hardware, illustrated in Fig. 2, employs a 32-
to-1 multiplexer switch to address each of thirty-two elements
of a piezoelectric acoustic transducer array. This has the
advantage that only one A-D converter and receiver amplifier
are required. A short pulse (typically about 3% cycles) with a
center frequency of 3-3.5 MHz is trunsmitted from the selected
clement by exciting it with a unipolar pulse through the multi-
plexer. The return echoces to the same element are amplified,
digitized. and stored in a 1024 X 8 bit RAM. This process is
repeated. in turn, for each of the thirty-two elements in the
array (with the current system the acoustic waves are alway's
transnutted from and recewved on the same array element. but
this is not a requirement for synthetic-uperture imaging). The
echoes are thus stored in thinty-two independently addressable
RAM’s called the “data memory.”

Each pixel in the focused tmage ts reconstructed by applyving
the appropriate delays to cach of the digiized time records
and then summing the contributions froan cach element. The
required time delays are stored in a 4% kilobyvte “tocus mem-
ory™ in a condensed form as a lookup table called a “tocus
map.” Simplifications reguired to Iimit the size of this focus
memory are described in the next section,

The summing of the data stored i the imuage memory is
carried out i a 32-byte mput digital adder. The digital adder
takes | byte ot data from cach of the thirty -two data mem.
ories and forms the P3-itsum. The output of the addet s
digitally reentied. then converted toa haseband video signal
by the DAC,

The video wignab s filtered omived with TV swnch pulses and
sent o the sideo monitor tor display. The video signal s dis-

plaved i a 25odme nomnterdaced format at g frame rate of
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Fig. 3. Data recording and image reconstruction using the DAISY hard-
ware. (a) The multiplexer sclects a single element. A pulse is sent to
that clement: return echos are amplified, digitized, and stored in
appropriate data memory. (b) Image is reconstructed from this data
by summing contents of data memones after applying time delays
appropriate for focusing. This is equivalent to “backprojection™ of
the data along circular arcs centered at the position of the collecting
transducer clement,

about 40 Hz. No video scan converter is required because the
picture is generated at real-time rates in a standard raster for-
mat with the horizontal image lines perpendicular to the face
of the transducer array.

The operation of the tour subsystems of the imaging hard-
ware are coordinated by the control and timing logic. The
imaging hardware is organized as a parallel/pipeline processor
made up of thirty-two parallel pipehines with seven stages in
each pipe.

Ananterface te a laboratory computer is supplied for loading
the Tocus memory with the appropniate focus map. After this
process s carned out, the intertace between the computer and
the imagimg hardware imay be severed.

Using a clock rate ot 10-15 MHz, DAISY generates about
torty umage frames per secend. Since most of the transducer
arravs have acoustic center trequencres of about 3 MH7z, this
gives three to tive samples per wavelength, well above the
Nyquist sampling rite.

Fie. 3 shows the collection and reconstruction of image data
from a point object using a simphified. six-clement imaging
system. Note that the backprojection interpretation of imape
reconstruction s vividly apparent here. The echo data from
cach array element is backprojected in a crrcular are whose
center corresponds to tiwe physical position of the array cle-
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ment. A single-element system would supply only or~ arc and
so give only range information but no azimuthal information.
As more elements are added to the array, the position of the
object becomes more well defined.

IIl. THE Focus Mar
A. Look-Up Tables

In principle, the synthetic-aperture image reconstruction
algorithm (or equivalently, the backprojection algorithm)
requires computation of N - [ - P different distances, where
N is the number of transducer elements, L is the number of
lines in the image, and P is the number of pixels in each line.
For DAISY, this would be 32 - 256 - 1024 = & nullion dis-
tances, each of which must be computed to 10-bit accuracy.
At present, real-time computation of these distances is orders
of magnitude beyond the capabilities of any general-purpose
computing machine. Fortunately, there are solutions to this
insurmountable computational obstacle.

Since the distance calculations do not change from one
frame to the next, they may be computed once (on a general-
purpose computer) and then stored in a high-speed look-up
table, called a *‘focus map.” By using a look-up table, one
trades the problem of prodigious computing power for the
problem of prodigious memory capacity.

The size of the focus map may be reduced by reconstructing
the image in a radial sector scan format and assuming a paraxial
geometry [19]. When this is done, the time-delay information
can be separated into two one-dimensional focus maps one
for angle steering, another for range focusing and the total
time delay required is just the sum : { these two components.
The disadvantages of this approach are that only paraxial
objects are well focused. and it requires a scan converter to
translate from sector scan format into TV raster format,

For thesc reasons, DAISY was designed with a full two-
dimensional focus map containing time delay information
appropriate for direct reconstruction in a raster format. There-
fore. the images have optimal resolution out to very large
angles, and they can be presented in real-time directly on a
standard TV monitor.

B. Compression by Encoding

To backproject the data from any given array element onto
any given image line (see Fig. 4), we require a set of distances
(1024 in the case of DAISY) from the element located at
{x",0) to each pixel (x, z) in the hime. Specifically, we need
the valuc of

Re =V 0 +:% (1

Fortunately thisis nota random collection of numbers; 1t s an
ordered sequence of values monotonieally mcreasing with 2.

A commaon method of storng or representing a sequence of
highly correlated values s “delta encoding.™ In tius scheme,
only the difference between a value and 1ts suceessor 1s stored.,

In DAISY | the distance tunction s monotonically mereasng,
and can be represented by a binary sequence of 0's and 175,
By employimg delta encoding, the look-up table can he com.
pressed from a table of 10-bit distances 1o a table of 1-hit
distance increments,

.
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It shouid be noted that in delta encoding, one has made a
trade-oft between memory capacity and hardware complexity
because additional hardware is needed to “"decode™ the encoded
table values. In the case of delta encoding, this is extremely
simple. An accumulator keeps the current distance value and
the next value s obtaned by adding the new, delta encoded,
mcrement to this current value. In DAISY . the accumulator is
a simple up-counter, und the binary sequence of increments
s supphied to the clock input of each data memory address
counter a 17 causes the counter to increment and a 0"
leaves the counter value unchanged. This small degree of
added complexity s a small price to pay for the tenfold
savings i focus memory capacity.

C Compression by Exploiting Syammerries

By exploiting the symmetries which are offered by a peri-
odic tmage raster and « periodic array. we can decrease the size
of the focus map still turther.

Specifically, let us assume that the reconstructed image is to
be /. tines by ” pixels per line, as shown in Fig. 5. The array
has N elements and is - entered on the midline of the image
field. Also, and this is very important, the spacing between
the array elements s assumed to be some multiple M of the
spacing between the lines of the image raster. For DAISY
these parameters are

A= 32 clements

1= 256 hines

P = 1024 piels Tine

M = 3amaee hines between cach array element position.
Because of the mugchine penodicittes of the array and the
imape foter there are onby (0 ¢ N Y nmique element line
separations i the vdirection, shown as solid arrows 1 Fig, 6.

The other poante Clament hine separations (shown as broken

st b o e tant and need not be stored,

DIAISY e e

Ior
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Fig. 6. Prctonal enumeration of all possible x separations between an
array element and an image line. Separations shown by the dashed
arrows are redundant; only those v separations represented by
solid arrows need be stored.

24 kilohytes, an important savings in cost, size, complexity,
and power consumplion.

The parallel architecture of DAISY makes it desirable,
although not absolutely necessary, to organize the focus mem-
ory slightly ditferently than described above. In the architec-
ture described two paragraphs above, some of the focus lines
would need 1o be used by two different pipelines at the same
time. Since there are M pipeline channels running in parallel
(V= 32 for DAISY) it s more convenient to have N distinct
fines of focus data to feed each of the pipelines. The number
of focus hines required for this shightly modified architecture
N

{2 of hines of focus data)

= (2 of hnes needed to represent distances to first hne)

t (2 of new lines)

02 ot ines of tocus daty tor each new hine)

N . (2)
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TABLL L
Parameter
Subject to
tunction Quantization Name Used in This Paper I vample
Imaging 5() Signal amplitude The cohondata are stored as
Signal quantization S-bit vatues
s{t)

! Deiay quantization The echo stenal s peniodicaslhy
sampled and stored in o RAM
tdnntal) or COD tanalown

Pupil P() Aperture amplitude 1 he aperture apodization
Function quantization® protile 18 set by o diviral
Pix) comnnand word

X Array quantization A transducer array s used o

sample the aperture ot e
odicintervals

*The etfects of aperture amplitude quantization errors are a foutine apphcation of Founer optics theons and will not he

treated here as they are adequately discussed clsewhere [S] und [2].

For DAISY, this requires (32 + 2535) kilobits or roughly 36
kilobytes of focus memory.? Such an architecture requires
50 percent more memory, but makes the tfocus steering logic
less complex.

IV. DELAY QUANTIZATION ERRORS IN THE FAr Fiiep

All imaging systems share two common elements: 1) a spa-
tially extended aperture represented by the so-called ““pupil
function,” Plx), and 2) an imaging signal s(7), which curries
information about the object back to the aperture.

In a digital imaging system, either or both of these tunctions
may be quantized. The guantization can be of two different
forms: 1) amplitude quantization, where the true amplitude is
rounded oft and represented by a tinite length digital code.
and 2) sampling quantization, where the value of the function
is represented only at discrete values of the argument.,

The possible sources of quantization errorsn a digital imag-
ing system are shown in Table 1. A quantity which i1s not
quantized will be referred to as “continuous™ (¢.g., continuous
delays, continuous aperture).

In the early 19607, the first microwave phased arravs were
developed for electronically scanned radar systems. A linear
phase shift across the elements of the microwave array was
used to “steer’ the bearr *-axis. The phase shitters used n
these systems could be pr rammied to select one ot <everal
discrete phase delavs, [t was Tound that phase quanuzation
errors introduce se-called “gquantization fobes™ mothe tar field
which are simudar in appearance to the grating lobes catsed by
using an undersampled array [T [I2]0 5] and [17] More
recently, acoustic phased array svstems have been shown to
exhibit stmilar “quantization fobes™ [ 1]

In this section we swill recapitulate the early theory of phase
Jelay quantization i the tar tield. both becatse 10 iter
esting 1nits own nehtoand because 1t s a comvement vehide
termtroducing son. . Lotation and concepts which will be used
avain i the next section where we anabvze the more dittienht
problem ot delay quantization in the near treld

“For histoncal reasans DAISY S tocus nmap s sphit into four indepen
dent secttons each of whichas capable of reconstractinge G4 v e ines
Theretore, the amount of focus memon an DAISY vactoally $(32 ¢
63 1] kalobits or gbout 38 klaby tey

A. Phase Quantization and Phase Quantization Frrors

For a svstem with no quantization errors, the phase delay s
are contingously variable over the mtenval U0 27 o diatd
system only a4 tintte number ot phase delavs s avleoie We
denote by g the number ot delavs avaluble wathin thie imten
[0, 2m). Formstance 1ty = 2 (asan gt resnel zone phase
plate). phase deluys ot O and = are used The quanized piase
delay will be represented by the notution o] ..
the continuous phase variable hetne quantized. oot 27 s the

where oo

phase quanuzation mterval. Phis tunction ssbown o b

Tiay. The quantization crror iy repiesented v ihe nott o
€2q:,(0) detined as

E:n'ugo): |"4’]:~ uo )

and shown i Fugs Tthys Ton wpeoaie tanc oo !

2aou. the quanuzation iviciva I b tata oo

the subsernt 25w, uniess 1 s e e bt o
Subsequently  we will use the pereaic tuic hom exgy -

which can be represented by she peliow e boaner o s

exXp o lelg)- = }__ L.

"o -
where

D)7 s
R N TN AR VS B t-4)
L R

B Far-Frcld PSE of an Deacoe Svsiene it Contonteons
Delavs

I phase steered systems the beam s pomted oftase at an
anede By by applvime o e phase tiper across the perneee

Phiv s represented By come cabued pupl tung ton

PEXTY - enp Y ay and, N Tl I 1~
where Ty s the rectanele tunetion and 1 s the swadth ot the

aperture The tar tield beamy patiern sosinphy e bonne

il
Hereoand throuchout the rest of sbe poper, e wll sgdor s
10 twe dimensional plane osine aoome dosenss o Lo rtare o e

et e bl assimie T e e e e i L e e

)

-

b - A

o R gy
4 3

s

.I
“
N




R T REAY AR W R TR YN LR

342 IFEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. SU-31, NO. 4, JULY 1984

J4r 7
m /
/
s
2
[T 2
/
1 L 1 Z 1 N 1
J4r 2w )z 2n ﬂr"t'
M M s K n

th)

P 70 o Plot ot quantized phase tunction [a] 2, th) Plotof phase
Quantization error IWnetion cyq b

transtorm of the pupil function® [9)

ety = Py = Dane S0 0,) D - e

(6)

A plot ot a typical tur-neld beam pattern (with = 100 A,
A,  vOSadun, and 7= 20000 M) s shown i Fig. 8a).
C Fuar-Freld PSE op an Duagmg Svstem with Quantized Delays

In g digstad phused array system, the phase 1s quantized and

the pupit tuncton becomes
P (X exp [ 2ax an gy Moia o THX/DY, (7)

where represents the quantization of phase into 27y
I i

NEJVE

tadsan mtenvals. Substitntion ot 43 and (5) yields
I'.“,,,,.(.l"i senp (2 an 0y A Py (X)
Avam. the tar field beam pattern s given by the Fourer trans.
trom ot the pupt tunction
N N I R SR R SR
Foexpilies, o andy Mo ey,
h

TE o e P s 1 e e nt Tootise g b conn i tes oy
s e e b conndinates o b th s papes we
Vi) s Berhe The s o bt oo ordin e sostomes Bie at the center

toehe apertare et the oy s eag 0 rodial) porprendicaiar foothe

prertune e roan e P

I,OI ‘
! .
+ |
t o
¢ A_A"‘” A
+ APALAS fov o s aaaanes e oo e e
, WA
4 . il
4 o e 8,2 0.0% rad
¢ [
1 BROADSIDE -~
(8:0)
(a)
. QUANTIZATION
= sinci1/3) i LO8ES ™7
+ ‘i
. |‘
- -sinc(-2/3) ' }
; z
R4 v | Vo 7 v
e /5 A P A A A A e A MA R
. v, e o R
: v ' 0 1
- anc{4/3) N
: - = 8,:0.05 rod
8ROADSIDE !
8:=0)
(b)

Fie. 8. Far-field PSE of a continuous aperture imaging system. (g) With
continuous phase delays. (b} With cuantized phase delays (u = 3).

where the astensk represents the convolution operator. At
this point, we make use of the Founer series representation of

€' mentioned earlier (4) to obtain

Uguanttr,0) = 3~ sinc(m+ 1 u)- Utr 0 4 mudy).

ms=-we
(10)

Eq. (10) states that the far-field heam pattern for an imaging
svstemt with quantized phase delays contains a mainlobe
(m = Q) of diminished amplitude Aq = s UL ) and a scries
of “delay quantization lobes " (m # Q) of umplitude A, =
sinc (m 4 1) locared at 0 = (1 +mu) 0y Theretore i the
far-ficld, the effect of phase quanuzation is very andar i
appearance to that of grating lobes. The delay quantization
lobes are due to a periodic phase error across the aperture,
while grating lobes are due to ¢ penodic amplitude error. As
one would expect, when s farge (e, the phase delavs are
finely quantized), the quantization lobes dininash i ampli-
tude and move far . way from the mamnfobe. Fig Seh) shows
the far-ficld beam pattern ofamimaging svastem using quantized
defavs (with DD = 100 A r = 20000 A0, = 0.05 radian, and

u=3)

Vo Diray Quantization Freors oo tie Npar Lo

Phased array radars work n the ta tield ot the antenna In
acoustie nmartng one otten works i the near ticld of the
acotnte array s employving Crouchlyv parabohey phase cunvature
tordy namie tocusime, s wedl as hinear phase taper tor heam
steening Bates hus imvestivatedd the eftects of phase quantizge
ton errors on g beam-tormimy imacing system which used

dreral delay Tme toaccomplish the phase delass 2] In b

v s
'k L L

AP
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analysis, 10 was necessary to assume that the quantization
ertors were very small and could be treated as a perturbation
of the pupil function. 1t was also necessary to assume that the
apertare consisted ot a periodic array. Then the muagnitude
and position ot the quantization sidelobes could be estimated
it certn phase matching conditions were satisfied.

In this section we go hack to the earlier theory developed tor
quantization errors in the far tield (described in the previous
section) and generalize it to treat the case of quantization
errors in the near ticld. This new theory is exact (within the
paraxul approximation) and has a simple physicul interpreta-
twon. The theory is first developed for a continuous aperture
sa the effects of delay quantization are not complicated by
the effects ot array quantization. The analysis of delay quan-
tization in array systems will be left to the following two
sections.

We will consider the effect of using digitized signal data in
Jsynthetic-aperture imaging system, such as DAISY. The
theory tor dynamcally focused systems using quantized phuse
(or time) delay elements s very sumilar and does not jusufy a
separate treatment.

It 1s assumed that the mmagig signal has spatial and time
harmome dependence of the torm

cos(wl k)= Re {¢fle! kare

(1h
We will work with the complex exponential representation,
beanng in mind that it is the real component which interests
us. At the end ot the section we will comment o the ettects
ot using hroad-band imazing sienals.

Ao Near-Ficld PSE o an Dnaemg Svstem with Contineons
Delavs

Constder an intintestimal aperture element at position
(x". 0y the aperture (see Figo 9y The element is excited
with a continuous wave (CW) sgnal ¢ The echo received
trom an obect at location (xy 2 ) s delaved by a round-trp

transit delay ot 2R - e where ey the wave velocny i the

A
mtenvenimg medim . g Fasoscaled by g factor TR due o
round-trp dittraci.on tthis factor would be 1 R
[he:

(T 0y the aperture. due to g retlecton at oy, .

three dimensiony). e the sl recened at the pomi

So b

(]

Foorecenaact the nnoere amplitade ot te, 2 one 7 aontheazes

cons whch s tocosed e sy This s done by somioans

cthier the nals receved at ech ot the aperture elements,

dos b cach by anamount TR U to abran

[

I s the w

o prep aation s usaally one woe T eteoan the
e e et b o ha b rhie trna b tines are ot the togen [
ot tn et e s e theallumunagtion comes Trom the apertn
Catr e etk e e oy o o rop T et i
senrt e gro o he oy YR 0 TR b tor o o nses y onst iy
v s betweoon svnshe e petare s and pencal oo
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then the PSE i the plane ot the object (22 2, canbe wrtten
in closed torm as:

NI

Uiy, 2y Xy 20) = o

BT (BN

Ny 2D
This s the fanuhiar sesult from dittraction theory tor ones
Jimensional lenses. except that here the Ravlersho et on
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Fig. 11. Comparison of the theoretical and experimental refiectance func-
tion for the water-silicon-nitride interface.
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Fig. 12. Experimental V() of a water-Plexiglas interface at 10.17 MHz.
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nique does not preclude the characterization of such
acoustic properties as shear loss, temperature dependence
of the Rayleigh-wave vclocity, and various contributing
factors to the Rayleigh c:iucal-angle phenomenon.

Plexiglas

Figs. 12 and 13 are the V(z) and R(¥), respectively, for
plexiglas or lucite, a low-acoustic velocity and high loss
material. This example illustrates how material loss can
be determined. The longitudinal critical angle is located
at 8 = 32.7°, which corresponds to a longitudinal wave
velocity of 2750 m/s. The magnitude of the reflectance
peaks at 0.7 rather than one, as it would be for a lossless
substrate. The amount of diminution of the peak level de-
pends on the loss for the longitudinal mode. The theoret-
ical curve is fitted to the experimental one by varying the
longitudinal loss factor Q,. The Q, is found to be about
50, which translates into an attenuation coetficient of 232
Np/m or 20 dB/cm at 10 MHz, which agrees well with
other published values {16].
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g. 13. Comparison of the theoretical and experimental reflectance func-
tion for a water-Plexiglas interface.
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Fig. 15. Companison of the theoretical and expenimental reflectance func-
tion for a water-teflon interface

Teflon

V(z) and R(8) for teflon are displayed in Figs. 14 and
15. As expected no critical angle is observed, since teflon
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Fig. 16. Experimental V(z) of a water and S-um gold film on a fused-silica
interface at 10.7 MHz.
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Fig. 17. Comparison of the theoretical and experimental reflectance func
t1on for a water and 5-um gold film on a fused-silica 1nterface

has a longitudinal velocity of 1400 m/s, which is lower
than that of water.

Thin-Film Measurem« nr

The following cxample demonstrates the potential ap-
plication of acoustic microscopy in thin-film character-
ization and also confirms a thin-film matching phenome-
non predicted by numerical computation. The thin-film
structure used in this example is a 5-um-thick gold film
deposited on a fused-silica substrate. At 10 MHz the thick-
ness of the gold film corresponds to about 1.5 percent of
the longitudinal wavelength. Figs. 16 and 17 are the plots
of V(2) and R(#), respectively. The agreement with the
theoretically generated R(8) is good. R(#) shows a null at
8 = 17.23°, an angle between the longitudinal and shear
critical angles of the fused silica substrate. Physically this
means that the incident longitudinal mode in water cou-
ples very strongly into a bulk propagating mode 1 the
fused silica substrate. The physics of this coupling is not
well understood. but it is believed that the longitudinal

I AT

wave in water converts in the gold film to a leaky Sezawa
wave, which leaks into the fused silica substrate in the
form of a propagating shear wave. The coupling efficiency
and the angle of incidence, at which maximum transmis-
sion occurs, have been shown to be functions of the film
thickness by numerical analysis. Thus by measuring the
reflectance, one can get information about the film thick-
ness. The experimental demonstration of this thin-film
phenomenon also opens up the possibility of using the thin-
film matching technique in the design of acoustic trans-
ducers to improve the transmission efficiency between two
media with vastly different acoustic impedances.

V. ERROR ANALYSIS

The introduction of experimental artifacts in the exper-
imental R() due to the spatial truncation of the V(z) curve
is treated in this section. This problem arises because of
the finite distance over which V(z) data can be collected.
Equation (26) shows that V(u) and {P’(1) R(1)] form a Fou-
rier-transform pair. It can be shown by Fourier-transform
theory that since [P*(1) R(1)] is finite in the r domain, V(u)
has to be infinite in the ¥ domain. Experimentally V(z)
can only be obtained for some finite-width data window.
Therefore the actual waveform ¥V '(2) used in the inversion
is a truncated version of V(u). Thus

V'(e) = Viu) rect (u/D) 32)

where « = z/\, and D is the width of the data window
defined in terms of the number of wavelengths in water.
Noting that multiplication in the u domain corresponds to
convolution in the transform domain ¢, the reflectance
function obtained by inverting V '(u) is

(PRI = [P(1) ROI* D sinc (Dr)

where * denotes convolution.

The effects of the convolution between the reflectance
function and the waveform sinc (Dt) are twofold. First, the
angular resolution in the ¢ domatn is degraded. Second,
because of the oscillatory nature of sinc (D¢), sharp fea-
tures in P*(1) R(2) tend to generate ripples in the resulting
[P(t)R(1))". The resolution degradation effect can be es-
timated as follows. The full width between zeroes of the
main lobe of sinc (D) 1s

(33)

= 2/D. 34

The At is essentially the transition width of the response
to a sharp step in P*(r) R(r) and hence can be rcgurdcd as
the worst case resolution in ¢, Using the relation s = 2 cos
6 given 1n (24), we get the following expression for the
angular resolution in terms of the angle of incidence 9

ar

Af = =
2snf

(35)
Combining (34) and (35), the tesolution in 8 1n terms of
the width of the data window 118 tound to be

1

A0 =

16
I) sin 6 (6)
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Fig. 18. Vanation of angular resolution degradation as a function of the
incident angle and the normalized data window width D.

0° 10°

Equation (36) is plotted in Fig. 18 with D as a param-
eter. The data window D used in the experiment is about
100. This implies angular resolution of about 3.3° at 6 =
10°, 1.7° at 8 = 20°, and 1.1° at # = 30°. The experi-
mental reflectance of silicon nitride in Fig. 11 is a patho-
logical example of the degradation effect of this angular
resolution. The Rayleigh critical angle occurs at a low
value of 8 = 15.0° and in the vicinity of this angle, the
magnitude of the reflectance is unity but the phase goes
through a rapid 27 radian change over a 2° angular range.
The net result of the convolution with sinc (Dr) is a sharp
dip in the magnitude of the experimental reflectance and
a smoothing of the phase curve near the Rayleigh critical
angle. The etfect of the convolution is much less serious
at angles of high incidence as shown in Fig. 18 and as
evidenced by the expenmental R(8)'s of fused silica and
aluminum, where only a slight dip occurs in the reflec-
tance magnitude.

A computer simulation has been carried out where the
theoretical R(8) for silicon nitride is used to generate the
V(z). which is truncated and then inverted in an identical
manner to the experimer: <1 data. The result is shown in
Fig. 19. The simulated K+ exhibits exactly the same be-
havior in both amplitude and phase as the experimental
one in Fig. 11

The locations of the critical angles are generally used to
determine the phase velocities of propagating modes,
which are given by

ve = vy/sin 6.
where vy is the velocity in water: the asterisk stands for
1. dongitudinaly, S (sheany, or R (Rayleigh): and the sub-
seript ¢ denotes entical angle. The percentage error in the
estimation of v+ as a consequence of the truncation of
V() can be shown to be
I..\v.

Ue

B ‘, Cos 7()7._

1
P 37
2 Dsin 8 N

2 sin 6.

Equation (37) is plotted in Fig. 20 with D as a parameter.
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Fig. 19. Simulated reflectance function of a water-silicon nitride interface
obtained by inverting spatially truncation V(z) data.
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Fig. 20. Phase velocity estimation error as a function of angle of incidence
due to degradation of the angular resolution.

The error decreases drastically with increasing incidence
and increasing D. For D = 100, | Av./v.| is four percent
at @ = 20° and 1.75 percent at # = 30°. One should bear
in mind that (37) represents the worst-case estimation, and
the actual error could well be substantially smaller, espe-
cially for the Rayleigh critical angle 8g.. The determina-
tion of 8z, involves locating the point, where the phase of
R(6) is = radians. Around 85, the magnitude of the reflec-
tance function for a lossless material is constant while the
phase ¥ can be shown to have the form {9]

k, — k sin O,

(¢4

tan ¥ = 2

(3%

where a is the leak rate of the Rayleigh wave. The phase
function ¥ is the antisymmetric in k, about ¥ = 7 around
the point k, = k sin 8. It is similarly antisymmetric in k.
or ¢ in the neighborhood of k. = k cos g, . Since the sinc
function with which [PZ(I)R(I)] 15 convolved is symmet-
ric, the phase function ¥ around the Rayleigh critical an-
gle remains essentially unchanged by the convolution,
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provided that the width of the main lobe of the sinc func-
tion At is smaller than the transition width of ¥ through
the Rayleigh critical-angle region. For example, in the case
of fused silica and aluminum, the respective leaky sur-
face-acoustic-wave velocities calculated from the experi-
mental phase curve are almost identical to those predicted
by theory.

The second problem associated with the generation of
ripples can be partly remedied, though with some further
loss in angular resolution, by applying a smooth apodi-
zation function for the V(z) data before inversion takes
place. The apodization function used in processing the
V(z) data is

sin® (wu/D)

aw) = n + sin® (xu/D)

(38)
where n is a free parameter for adjusting the tapering
characteristics of the apodization. The n = 0.1 is used to
process the experimental data shown here. The resulting
apodization essentially leaves the data in the center of the
window unchanged, but it behaves much like Hamming
weighting at the edges of the data window.

The obvious solution to both the resolution degradation
and ripple problems is to increase the data window width
D of V'(u). Equation (31) shows that this can be realized
by increasing the radius of curvature f, or reducing the
aperture size or both. Also D can be increased by increas-
ing the frequency of operation. For silicon nitride, R(6)
can be reproduced much more faithfully if A is reduced
to § , which can be achieved by using an F/1.5 lens with
a focal length of 32 mm operating at 20 MHz.

Another important source of error is in the estimation
of the velocity of water. Since

u=2z/\

flv
then

du = —z—{dv = —u dv/v. 39)
Suppose the wrong ity is used in the inversion. In

(25) this is equivalent 1 changing u to

u' = u + Au = (1l — Av/v). 40)

The resulting inversion is given by

[Pz(l)R(l)l’ = S Viu) exp | 2mu(l — Av/vyt] du
or

(PR} = PRI(1 — Av/vyi). 41)

Theretore using an cerroncous v results in a stretched re-
flectance function in 1. Since the velocity of water has a
large temperature coeflictent, 4 m/s per °C, this error can
be signiticant. It may cause enough misalignment of the
inversions of the sample material of interest and the cali-
bration lead sample to have a scrious effect on the deter-
mination of R(8). From (35) and (41) it can casily be shown

e T T
3

~ POASKS,
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",

that the shift distortion as a function of incidence angle is
of the form

|A8| = cot @ Avlv (42)

which shows that the most serious errors occur at low an-
gles of incidence.

The problem of determining the true transform
P%(6) R(6) from a finite segment ¥ '(z) of V(z) is a common
one in Fourier analysis and spectral estimation. Various
techniques exist in the literature for extrapolating V'(2) so
that 2 more accurate determination of P%(8) R(6) can be
made. Since P2(6)R(6) is a bandlimited function, the
maximum spatial frequency being limited by the angular
extent of the pupil function, V(z) is analytic in the entire
z axis [17]. In principle, an iterative algorithm proposed
by Papoulis {18] can be used to improve the accuracy of
the estimation of P*(6) R(9).

CONCLUSION

We have demonstrated that the reflectance function of a
liquid-solid interface can be determined by inverting the
corresponding complex V(z) data from an acoustic micro-
scope. This inversion technique represents a more com-
plete approach to material characterization than previous
V(z)-related work. The phase velocities of the various
propagating modes in the solid medium can be obtained
directly from the reflectance function. The effect of ma-
terial loss can also be observed and quantified. Moreover,
this measurement technique provides a means of gauging
imaging performance of focused systems by directly mea-
suring the pupil function illumination. In addition, there
are useful practical applications in the area of thin-film
characterization, and many interesting possibilities exist
for more complex structures, such as multi-layered films.
The nonparaxial formulation of the V(z) integral is im-
portant in that it lays a sound theoretical foundation for
the inversion measurement technique. The excellent
agreement between the theoretically and experimentally
obtained reflectance functions further supports the validity
of the nonparaxial theory.

Although this work has been carried out and discussed
in the context of acoustic microscopy, the validity and ap-
plicability of many of the underlying concepts extend to
optical microscopy as well. Provided one can accurately
measure the optical phase, which is not trivial but cer-
tainly realizable {22], the inversion algorithm described
here can be used to obtain the optical reflectance function
from the corresponding complex optical F(2) function.

ACKNOWLEDGMENT
The authors would like to thank Dr. Simon Beanett and

Dr. Ian Smith tor the stimulating discussions related to
this work.

APPINDIX

Auld and Kino [19]-[21}, by using the reciprocity theo-
rem, were able to determine the normalized reflected sig-
nal or reflection coethicient s, from an object. The theory
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for longitudinal waves in a liquid can be stated in the form

Jw S (u‘p - upi) ndS
4P

g =

(A1)

where the integral is taken over the surface of the object,
u is the displacement, and p is the pressure fields associ-
ated with an incident wave of temporal frequency w. Here
exp (jwt) time dependence is assumed. The superscript i
denotes the incident or transmitted wave when the object
is not present, and the unsuperscripted terms denote the
total field at the obstacle. The parameter P is the power
exciting the transducer for a given incident signal &', p'.
The total fields can be written in the form

w=u +u (A2)

p=p+p (A3)
where the superscript r denotes the waves reflected from
the object. Substituting (A2) and (A3) into (A1) yields

jw S (u'p” — u'pHn ds

s o= 4P . (Ad)

If the object is a semi-infinite plane normal to the z direc-
tion, s, can be written in the normalized form

S (u;p” — ulp’)ds

V() = (AS)

R %
2 Su‘:p‘ ds

where the asterisk denotes the complex conjugate. Finally
it is convenient to write the pressure in terms of the po-
tential. For a liquid with # = V¢, it can be shown that
p = jwpd. Hence it follows that

“ (uy¢" — ul¢’) dS

Vi@ = -

. (A6}
2 S u':¢’ ds

Note that for a perfect plane reflector located at the focal
plane z = 0 of a lens, ¢" = ¢' = ¢'", and u, =

—ul
therefore V(2) = 1.
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Precise Phase Measurements with the
Acoustic Microscope

KENNETH K. LIANG, SIMON D. BENNETT, Memser, IEEE, BUTRUS T. KHURI-YAKUB, MEMBER. IEEE,
GORDON S. KINO, FELLOW. IEEE

Abstract—The measurement and the use of phase in acoustic micros-
copy are discussed. It is demonstrated that in many applications phase
can be used to provide sensitivity and information unparalleled by am-
plitude-only measurement methods. A technique capable of high-
accuracy measurement of the phase of short RF acoustic pulses is de-
scribed. The power of this phase measurement technique is illustrated
in a number of applications. Surface material property measurements
such as the Rayleigh-wave velocity and the inversion of the complex V()
to obtain the reflectance function of a liquid-solid interface are consid-
ered. Surface topography mapping based on phase measurement is ex-
amined. A Fourier transform approach for precision determination of
linewidths comparable to the resolution spot size is aiso presented.

[. INTRODUCTION

HE SCANNING acoustic microscope is a high-reso-
lution imaging system in which, unlike conventional
optical microscopes, it is relatively straightforward to
measure the phase of the return signal. With only a few
exceptions [1]-[3], attention has centered only on the use
of intensity information. In some of the main areas of ap-
plication of the acoustic microscope, the phase of the re-
ceived signal plays an important role. For example, in the
so-called V(2) measurements [4]-[7]. the amplitude of the
received signal V(2) as a function of the separation be-
tween the lens and the substrate exhibits periodic peaks
and nulls. This phenomenon is due to the beating between
a specularly reflected signal from the substrate and a de-
layed leaky Rayleigh-wave signal, which reemits to the lens
while propagating along the surface of the substrate. The
phase difference between these two signal components is
therefore of great imp: ntance, and in fact it controls the
contrast of reflectionat unages. In addition, it has been
shown that the independent measurement of phase and
amplitude can be very useful in the determination of the
clastic constants of tissue [8]. [9]. However, little eflont
has been made to extract the phase of the return signal
scparately.
One reason for the reluctance to make use of the phase
is that it1s not gencrally trivial to measure the phase of a
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high-frequency tone burst with sufficient accuracy. We will
describe herc an approach that is relatively easy to imple-
ment and capable of yielding high-precision phase data,
even from very short tone bursts. The details of the phase
measurement technique will be published elsewhere, and
we will concentrate here on some of the applications of
the system to acoustic microscopy.

There are many motivations for making measurements
of this type. Firstly, they offer a direct indication of ma-
terial properties as in the measurement of Rayleigh-wave
velocity. Also, the results of the phase measurement can
be used to infer the width and the height of surface fea-
tures. Finally, the combination of amplitude and phase
measurements can be used in the reconstruction processes
in which complete information about the interaction be-
tween acoustic field and material is required. as in the in-
version of V(z) data to tind the reflection coeflicient as a
function of angle [10].

II. PHASE MEASUREMENT SCHEME
A. Acoustic Lens Configuration

In making precise phase measurements that are related
to physical properties, it is generally important to ensure
that the reference signal, against which the phase of the
probing sigral is to be compared, and the probe itself share
as many of the instrumental and environmental phase dis-
turbances as possible. In other words, precise measure-
ments are best done in an interferometer, where the two
arms are closely matched.

In this work we have made use of two acoustic mea-
surcment configurations that largely satisfy this general
condition. The first (Fig. 1(a)) is reminiscent of the de-
focused condition used in V'(2) measurements, except that
here a fixed separation between the lens and the sample
surface is maintained. Two components of the acoustie
ficld returned to the lens contribute most signiticantly to
the output signal: the on-axis specular reflection of the
longitudinal wave in the water (£ Fig. ta): and the off-
axis rays ( Ry, which satisty the condition vyt = sin g
for the conversion of longitudinal waves with velocity vy
in the water to leaky Rayleigh waves with velocity v on
the surface of the sample [4]. [5].

These two signals, Loand R, ditfer shightly ain path lenpth
in water but otherwise experience much the same environ-
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Fig 1. Acoustic lens contigurations. (a) Rayleigh-wave velocity perturba-
tion measurement. (b) Topography mapping.

mental disturbances. However, the Rayleigh-wave com-
ponent acquires substantial phase delay at the surface of
the specimen, hence the effective path length for the R
signal is fonger than that of the specular reflection. Indeed
in our experiments we use the different arrival time of
these two return signals to facilitate their separation and
subscquent phase comparison. The excitation signal is two
to three cycles in duration, and the defocus distance is
sutficient that there is no temporal overl:  of the signals.
It is clear that changes in the Rayleigh-wave velocity as a
function of position along the surface of the specimen may
be sensed in this way. By combining a high-accuracy phase
measurement scheme with a suitably extended Rayleigh-
wave path, remarkably sensitive measurements can be
made.

The second configura:.on that concerns us is ilustrated
in Fig. 1(h). In this case the lens is positioned so that its
focus s at the surface of the specimen or slightly above it
<o that no Ravleigh wave of importance is excited. A ref-
erence path is provided by an annular beam that propa-
gates through the flat outer periphery of the lens. By ex-
ciing the lens with a short pulse. and once again using
tume discnimination 1o separate the signals from the two
different paths, an interferometer is formed. Now small
local changes in the surface topography result in large
changes in the phase of the focused beam relative to the
phase of the large diameter reference beam.

In both measurement conhigurations it is apparent that
the signals ot imterest arrve at different tmes, and this
would ordimanly make phase comparison impossible.
However, the electronic system described in the next see-
tion essentially reconstructs two phase-coherent continu-
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Fig. 2. Schematic for the phase measurement system.

ous signals that are directly related to the amplitudes and
phases of the two time-distinct return signals.

The first configur.tion is also used where the signal of
interest is the transducer output voltage, when the system
is operated in the V(z) mode. In this case the exciting
signal has a much longer duration so that the return signals
(L and R) overlap and interfere at the transducer even for
large defocus distances. The idea here is to measure both
the amplitude and the phase of the signal relative to some
reference as a function of the axial separation : between
the acoustic lens and the specimen. The resulting complex
V(2) can be inverted [10] to obtain the angular depen-
dence of the reflectance of the liquid-specimen interface.
From the reftectance function, various material property
parameters can readily be extracted.

In the experiments described here, a center frequency
of 50 MHz was used with an acoustic transducer having a
bandwidth of 20 percent. The lens material was fused
quartz and had a radius of curvature of 3.2 mm, giving a
focal length in water of 4.24 mm. The opening aperture
of the lens was 5.0 mm 1n diameter, corresponding to a
maximum half angle of 36° or an f-number of 0.8S.

Providing the same fractional bandwidth can be main-
tained, there should be little ditheulty in applying the same
techniques to a system operating at much higher fre-
quency, perhaps up to 2 GHz. Bevond that trequeney, im-
nations in the electronic-switching components presently
available may present dithiculties.

B. Electronics

The essential clements of the phase mcusurcnwm clec-
tronies are shown schematically in Frg, 20 The system wall

be described in detanl in a torthcoming P.lle' 118]. where
various sources of error and an analysis of the ultimate
performance are discussed. A more general review of the
concepts will suffice here.
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The basic scheme involves signal recovery by synchro-
nous detection and subsequent phase measurement with a
lock-in amplifier. The key component (Fig. 2) in the signal
source is the single sideband generator (SSB) with syn-
chronous outputs at 100 kHz, 10.6 MHz, and 10.7 MHz.
The 10.7-MHz output is in fact the upper sideband of the
product of the 100 kHz and 10.6-MHz signals. The lower
sideband at 10.5 MHz is suppressed by at least 50 dB using
a standard FM radio system IF filter. The translation os-
cillator shifts the operating frequency up to the desired
center frequency of the acoustic system, which is 50 MHz
in this case. A reference signal at 49.9 MHz is also gen-
erated. Again the lower sideband components of the prod-
uct signals have to be removed. At this point however the
filtering requirements are not as stringent as in the SSB
generator and tunable bandpass filters (F3 and F4) with
five-percent bandwidth are adequate, since the sidebands
are now widely separated. This signal generation scheme
is flexible in that the operating frequency is tunable over a
fairly wide range, which is limited in this case to 100 MHz
by the bandpass filters. For much higher frequency of op-
eration, filters with greater selectivity would be needed or,
alternatively, successive stages of heterodyning could be
used with filtering at each stage to step up incrementally
to the desired operating frequency.

As illustrated in Fig. 2 with a 50-MHz acoustic micro-
scope, the 50-MHz continuous wave (CW) signal is time-
gated to produce a short tone burst that excites the acous-
tic transducer. Switch SW3 is used as a time gate to pass
the low-level acoustic return signals of interest and to block
high-level extraneous ones, which may damage the pream-
plificr. The acoustic return signals are time-separated RF
pulses, and they are efectronically separated through time-
gating into two channels as shown. Each of the resulting
signals is mixed with the 49.9 MHz reference signal, and
the product is narrow-band filtered to extract the 100-kHz
component.

It can be shown [18] that the 100-kHz signals are es-
sentially low-trequency CW replicas of the pulse modu-
lated RF acoustic signals, bearing identical phase and am-
plitude information. W h a biphase lock-in amplifier tuned
to 100 KHz, one can rcadily measure the phase difference
between the two signals and also the amplitude of the sig-
nal being fed to the “signal™ channel of the lock-in, if it
is required. Phase sensitivity is basically limited by the
lock-in amplificr because the problem of system noise can
in most cases be overcome by increasing the integration
time in the lock-in output stage. This effectively reduces
the system noise bandwidth, but it also includes the ob-
vious disadvantage of longer data acquisition time. Good-
quahty lock-n amplifiers routinely have phase resolution
of the order ot 0.17, which corresponds to an overall sys-
tem phase sensitivity of 173600 of a wavelength.

In veloaity perturbation measurements the measured
phase 1s dependent on the distance between the lens and
the specimen. This distance changes with the sample sur-
face topography and is susceptible to thermal dnft as well,
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thus introducing phase error into the measurement. To
minimize this error, a feedback mechanism is employed
to keep the lens-to-specimen spacing constant. The acous-
tic lens is mounted on a piezoelectric (PZT) stack so that
its vertical position can be adjusted continuously by an
electronic control signal. The acoustic on-axis reflection
pulse, whose phase is a direct measure of the lens to sam-
ple distance, is applied to the reference channel of the lock-
in amplifier as shown in Fig. 2. The reference channel
generates a 100-kHz constant-amplitude phase-locked
replica of the reference input, which is then compared with
the 100-kHz output of the SSB generator to produce the
control signal for the PZT stack. The acoustic lens auto-
matically tracks the surface topography of the sample dur-
ing scanning to ensure that the measured phase change is
due to material property variation alone. This feedback
mechanism is also used effectively in such modes of op-
eration as topography measurement to compensate for
thermal effects.

III. APPLICATIONS

The power of this measurement scheme is illustrated in
the following with a number of examples. We will consider
both material property measurements, such as Rayleigh-
wave velocity and compiex reflectivity, and surface topog-
raphy measurements.

A. Velocity Perturbation Measurements

In this section we will specifically deal with the pertur-
bation to the Rayleigh-wave propagation velocity as a re-
sult of material property change and also the presence of
surface residual stress.

1) Velocity Perturbation Due to Thin-Film Over-
lay: The sample in this example is a multiple-thickness
indium film deposited on glass. The thicknesses are 240
A and 620 A . respectively. The objective was to measure
the perturbation of the Rayleigh-wave velocity caused by
the indium film. A line scan over the surface of the sample
(Fig. 3) exhibits phase changes of 7° and 11° for the 240-
A and 380-A step changes in film thickness. The spatial
resolution of the system is defined by the Rayleigh-wave
path length on the substrate and is determined to be about
0.8 mm from the step transition width in the line scan. It
can be calculated from first order perturbation theory [ 11}
that the velocity perturbation due to the indium film is 0.18
percent and 0.46 percent for the 240- A and 620- A layers,
respectively. Based on these estimated parameters, one
would expect phase changes of 7.6° and 12° for the 240-
A and 380-A step transitions. Hence there is fairly good
agreement between the experimentally obtained and the-
oretically predicted phase changes. It should also be noted
that in the line scan, the small phase vanations in the sup-
posedly flat regions of the indium film are real and re-
peatable. The fluctuations are less than 0.5° and are due
to nonuniformity in the thickness of the indium film. Since
the phase sensitivity of the system 1s hmited by the lock-
in amplifier to 0.1°, this measurement technique can po-
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Fig. 3. Measurement of velocity perturbation due to indium film on glass.

tentially detect velocity perturbations on the order of one
part in 10°.

2) Residual Stress Measurement: In nondestructive
testing, knowledge of the surface residual stress distribu-
tion in a component plays an important role in the predic-
tion of failure modes. One way of characterizing residual
stress 18 by measuring the acoustic wave propagation ve-
locity, which varies linearly with the local stress {12]. With
the measurement configuration shown in Fig. 1(a) the
measured change in the relative phase between the L and
R signal pulses as the lens is scanned can be shown to he
directly proportional to the residual stress on the object
surface {13].

The sample used in the experiment is a glass disk of two
inches in diameter that was heated and then thermally
quenched with air jets to introduce a radial distribution of
residual stress. Fig. 4(b) shows the radial variation of the
measured phase perturbation. For comparison a destruc-
tive test was carried « o on a similar sample to determine
the actual remidual stress distribution. A Vicker's indenter
was used at a prescribed load to produce median cracks at
different points on the glass disk. By measuring the crack
lengths. the residual stress as a function of radial distance
was calculated [13]. The result of the destructive test is
shown in Fig. 4(a). The variation of the principal stresses
are essentially the same. with the radial and tangential
components tracking cach other to within 20 MPa. Since
the phase measurement is omnidirectional in that a spher-
wal Tens was used to launch Rayleigh waves propagating
in all directions along the surface, the resalting phase per-
turbation 1s a measure of the sum of the principal stresses.
Companson of Figs. 4(a) and 4(b) shows that there s
farrly good corroboration between the phase perturbation
curve and the actual residual stress distribution. From
these results we empirically deduce that 40 MPa of stress,
which is the change from the center of the sample to the

269
450 -~
~ ? PHYSICALLY TEMPERED ‘
2 ¢ !
= |
b -5 4)1 ’ b
2 ’ 1714
§ lo * . l
b - 100 I I ! b 6
2 ¢ l 7 e
!3 ® * ‘ P!
@ I S e
x KW
I 125 2) o} hd L 0 ¢
2 LS J)
x
2
-150
-25 0 «25
mm

3
S so
S o
g 0
=oo30e
g My oy
L2ee \ \ |
w i 1
i’,’ 10° ) {
I . i
a ] —__ |

-25 0 .25

RADIAL DISTANCE fmm)

Fig. 4. Residual stress measurements on the surface of a tempered glass
disk. (a) Vari.mion of radial (open symbols) and tangential stresses (closed
symbols) across a diameter of the glass disk estimated from indentation
fracture tests. (b) Radial variation of measured phase perturbation,

limit of the line scan, corresponds to a phase variation of
30°.

B. Surfuce Topography Measurements

We have used the acoustic microscope in the measure-
ment configuration shown in Fig. 1(b) as a high-resolution
noncontacting profilometer [13], [15]. Besides being able
to make use of phase profile to map th: depth variation,
we can also determine with high precision the transverse
profile of surface features in special cases. Of particular
interest in this regard is the measurement of the widths of
long rectangular strips. which is a matter of great coneern
in the fabrication of semiconductor components. We will
show here both experimentally and theoretically the ad-
vantages of utilizing phase to determine the linewidth. We
will also introduce here a Fourier transtform technique for
linewidth mecasurement in cases where the strip width s
comparable to the spot size.

1) Depth Profiling: Topography images of metallized
stripe patterns on a fused-silica substrate are shown in
Figs. S(a), 5(b). and Std). The patterns have progressively
finer pitches and the linewidths are 250, 125, and 62.5
um, respectively, The metallization s gold with a thick-
ness of about 3000 A The gold stripes show up as bright
arcas in the images. AtSO MHz. with an f-number ot 0,88
and a uniformly excited aperture, the Rasleigh resolution
of the acoustic lens 1s LIZ FA = 096 A or 29 um, while
the 3-dB resolution is 0.64 FX - 054 X or 16 gm. The

62.5-um linc image in Fig. S5(dy s clearly resolved. as
would be expected. The amplitude image of the [25-pm
stripes is shown in Fig. S(e) for comparison. There is vir-
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(a)

()

250 um

()

Fig. 5. Topography images of striped metallization patterns on a fused
wuanz substrate The metadlization is gold and the thickness is about 3000
A () Phase image of 250.um hines (b)) Phase image of 125 um lines
() Amphitade image ot 125 pm hines d) Phase image of 62.5-um hines
te) Perspective plot of the measured topography map ot the 250-um line
pattern

tually no contrast to st :est the presence of a striped pat-
tern, clearly illustrating that phase is a far more sensitive
means of gauging distances. The meusured phase differ-
ence between the surface of the metallization and the
surface of the fused-silica substrate is 8.3°, which corre-
sponds to a film thickness of 2800 A after taking into
account the angular dependence of the complex reflec-
tance function and the effect of focusing.

We will show here that, based on theoretical consider-
ations, indeed the phase rather than the magnitude of the
deoustic nucrascope output VOx) is a more sensitive mea-
sure of the depth profile. Constder the simple case of a
rectangular strip of width w on a substrate of identical
matenal Assume that the reflection coetlicient T, of the
surface &5 real. Then the spatial response of the stnip
structure is given hy

Rivy =Ty + Iy(e?® = 1) rect (am) (1

- LS - v
AR SRS LI

(b)

(d)

where ¢ is the phase change due to the thickness of the
strip. Let the response of the imaging system to a line
source be h(x). Furthermore, suppose that the lens is uni-
formly illuminated in the back focal plane and the lens is
aberration-free so that h(x) is real. The acoustic micro-
scope output is therefore given by

V(x) = R(x) * h(x) )
or
Vix) = TyK + Ty (e’® = 1) s(x) (3)
where
s(x) = h(x) = rect (x/w) (4)
and

K = S h(x) dx.
The first term on the right-hand side of (3) corresponds to
the constant background reflection from the substrate, and
the second term corresponds to the additional spa-
tially varying contribution that is due to the strip. It can
easily be shown that for a thin strip where ¢ << 1, to
second order in ¢, the magnitude and the phase of V(x)
are given respectively by the relations

Ty s(x)

Viua(©) = ToK + === [s(x) = K] ¢’ (5)

and
Vph.x,\c(-r) = %s(x). (6)

The Vip.(x) is directly proportional to ¢, whereas the
spatially varying part of V,,.(x) depends on ¢ to the sec-
ond order. Thus for thin strips, phase is a much more sen-
sitive measure of the depth profile.

2) Linewidth Measurement: A major advantage of
scanned confocal imaging systems such as ours is that be-
cause the point spread function is always positive and falls
oft rapidly at large distances, there is hardly any ripple in
the amplitude of the step response [16], [17]. A similar
smooth transition in the phase of the step response can
also be obscrved in the perspective plot shown in Fig. S(e).
For the purpose of comparison, we have carried out a nu-
merical analysis for the step phase responses of ditferent
imaging configurations. For small step heights, or equiv-
alently small phase changes, the normalized phase step
responsc is of the form

x
Bly) = g glrycos ' (vryrdr (7N
LS8
where xois the distance between the center of the beam
and the step, and g(r) is the point response function of
the imaging system. It is assumed that regions on either
side of the step are of equal reflectivity. The step response
function is plotted in normahzed form in Fig. 6 for two
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26 Step phase response of a normal phase interference microscope
obid curver and o contocal imaging system (theory in dashed curve,
cxpernnental resulft in closed circlesy.

ifferent cases. The solid curve corresponds to g(r) =
qe (27 sin 878y, which is the point response of a normal
shase nterference microscope where the illumination is
¢ plane wave. Here ¢ is the maximum halt angle of the
brective lens: A is the wavelength of the illumination; and
e () s defined as 2J(wx)/mx. Note that in this case
(try reverses in sign and its corresponding step phase re-
sponse does not change monotonically with distance. The
lashed curve corresponds to g(r) = jinc2 (2r sin 8/N\).
‘he point response of a confocal system. The contocal re-
sponse shows a distinet lack of ripples. The experimen-
tally measured step phase response is also plotted in closed
cireles showing close agreement with theory. In both im-
agmng configurations. the 50-percent threshold of the phase
profile demarcates the location of the edge. It is obvious,
however. that the smooth transition of the confocal step
phase response enables a straightforward and unambigu-
ous determination of not only the strip thickness but also
the strip wadth,

The SO-percent threst - o criterion used to locate the
cdges ot a strip for estmating the linewidth is a valid one
for wide strips. For strip widths comparble to the spot size
of the imagig system, the step responses of the two edges
are n close proximity and tend o interfere with cach
other, making the establishment of a general criterion for
locatng the strip edges dithicult. We will deseribe here a
Fourier transtorm miethod that circumyents these ditheul-
tes

Apphving Fourier transtorm to o6) and using the den
muon ot seo an G the spatial trequency spectrum of
PlaoawCf 18 given by

: >
Pt 1) K Hif) - wosine tut) (%)

where Hi £ s the Fourer transtorm of ey The term
with the sinc tunction corresponds to the Fourier trans

27
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g W:=76 3um [
i -60- i : \.
IE_ ¢ W:=314,m !
W43 5um |
-80 . E R . X X .
o} 8 6 24 32 a0
fo % IO’3 m!

Fig 7. Spectral responses of SO00- A thick gold Lines on a tused quanty
substrate The nominal hinewidths are 76 pm. 33 am. and 33 pm., re-
spectively

form of the spatial variation of the strip and its zeroes are
located at

fi=nm, o= 1,23, 9)

The term H( f)) represents the angular spectral response
of the imaging system. For a confocal system ' H( f)] s
maximum at f, = 0 and generally falls off monotonically,
until it becomes zero at the upper cutoff’ frequency of

fowe = LFN

where Fis the f-number of the lens, and N s the wave-
length of the illumination [16], [17]. Hence the zeroes of
Vohase( 1) are those of the strip response within the pass-
band of the imaging system. As long as

w > FA (1M

the strip width w can be determined using (%) from the
locations of the zeroes of l-'P,.‘N.( o Inour case F = 085,
so in principle we can determine linewidths as small as
0.85 X or 25 pm at 50 MH7z in water.

The merit of this Fourter-transtorm techmigue lies inats
simplicity. Given a priori knowledge ot the strip geome:-
try, one does not need to know the exact nature of imaging
system. The mere location ot the seroes tor the spectral
response of the object suthices for the accurate deternu-
nation of the hinewidth,

Fig. 7 illustrates the experimental ‘\11,,,_“‘,(_/‘,)) tor w
76 pm, 43 pmyand 33 g respectively, The strips are
S000- A -thick gold hnes on a tused-quartz substrate. The
ACOustic microscope operates at SO MHz (A - 30
with /= U.85, and the acoustic beam is focused on the
surface of the tused quartz substrate The 'l."v,m(kr,) N
plotted on i log scale. The werchtime due o the inaging
sssten response S0 atl the way out to the recolution
Bt as very much i evidence. The binewidths estimated
trom the posttion of the first zero o l"\,,m( £ are 76},
35 and 34 pmorespectineby Thev agree very well with
the optically: measured widths The nupor discrepanaies
are manly due to the nonuntornuty an the wadths ot the
gold hines.

In addition, this Fourer transtorm approach as essen-
tally ainsensitive to detocosine. Tt obvious trom (o8) that
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tused quartz substrate ar varoas detocusing distances = = O gm, + 60
i and o 8O respectively

defocusing only changes the spectral response of the im-
aging system H( f) slightly and does not introduce any
new zeroes to nor does it affect the zeroes of |l7ph‘,w(_f,)|.
Fig. 8 shows the experimental [V, f)] for a 2000- A -
thick and 76-pm-wide chrome line on fused quartz at var-
tous defocusing distances. The tocus was located on the
substrate, and 60 um and 80 gm above the substrate, re-
spectively. The locations of the first zero in all three cases

are essentially coincident, giving a width estimate of

76.3 qm.

3 Independent Measurement of Velocity Perturbation
and Topography: In conventional acoustic micrographs,
surtuce topography and material property both contribute
to contrast in the image, and their respective cffects are
generally indistinguishable from one another. With the to-
porraphy tracking mechantsm described in Section 11-2
built into our phase measurement system, surtace topog-
ruphy and matenal propeny change can essentially be ob-
tamned andependent of cach other.

Figo 90 s the topographic line scan of an aluminum
film step on glass with o nominal thickness of 5000 A
The mitiad and trarding slow phase changes are due to the
furee spatial extent of the reference signal as it traverses
the step. whereas the abrupt phase change is wue to the
tocused hewm as it ere ses the step. Fig. 9(b) is the samie
protife onan expandecale. The phase change caused by
the step s 1125 0 whach corresponds to a thickness of
46X8 A Wath g hiiting phase resolution of O.1°, the ul-
tmate herght sensitivity of the system is about 50 A

Figo 9wy shows a velocity perturbation scan of the same
sample The phase change mcasared is 7.757, correspond-
g toa veloaty perturbation of 0.25 percent, which is in
Lor acreement with the theoretically caleulated vatue of
021 pereent

C Rotlecrance by biversion of Complev Viz)
!

It bas been demonstrated that the reflectance tunchon
Gt hguid sohdhintertace can be obtimed by imverting the
correspondine complex sy data [1O] The principle mo-
tvation behund this endeavor as that one can obtamn much
more usetul material property mformation from the re
flectance tuncuon than the usual and rather Timted treat
ment ot measunny the pertodicity of the nulls i the oo
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curve to determine only the Ravleigh-wave veloenty. The
solid curves in Fig. 10 show the magnitude and the phase
of the theoretical refiectance funcnion of a water-fused-
sthica interfiace. The reflectance function contains infor-
mation on the longitudinad and shear cnitcal angles, and
thus the velocities of propagation of the respective modes
in fused silica. Also. the Ruyleigh critical angle corre-
sponds to the point at which the phase is 7 radians in the
region, where the phase curve undergoes a rapid 27 ra-
dian change.

1t can be shown that the relation between Vo) and the
reflectance function Roh iy essentially one of Fourner
transtormation [10]. The raversion formula is given by

FAVao exp [yru TR 27)7]}

Ren - oo S
LU ) Pon ! 2 (a2
where
160 (a0
17 .
M
and
an’ )
!

SUNNTTEN]

TP P e - . YL SAPEREN RN ¢ Btes

" v v
Pl A N

F &L A
%

C

~ N

¢

..
.
“ " et

-
s

Vo, -.-| \-l' \ \
VI

L] ‘" "l-
Y Sty

&

[ 3% N
rtl.:.-'

.

ety

T TuTAY

/

'

'\"p"-' et
AR

.




T ot e M L Me Tl Te e s N T TSN e
PP .r,'.r..'-,a P .-\.\_l'_ S

el Bk CY VLV IR VN UN At af

LIANG er al - PRECISE PHASE MEASUREMENTS

FUSED SiLICs
N 8\" aS: - s T == =
v
T e = N PP YTOEN
iL'”QUM/I

- vg ' 3THOms
DCS pr22
x
- e ThEDAY

— — et RER.MENT

ol ] 6 8 24 3¢ a0

° ) 3

o g s 5 24 32 an

a

Fig. 10. Theoretical and experimental reflectance function for a water-
fused-quartz nterface obtained by version of the corresponding com-
plex V(2.

The o is the maximum half angle of the lens: 8 is the
incident angle with respect to the liquid-solid intertace;
and A is the wavelength of the acoustic wave in the liquid
medium. In addition, Uy is the back focal plane illumi-
nation, and P 1s the pupil function of the lens. Generally
these two lens parameters are not known, but (U, ]* P* in
the denominator of (11) can be calibrated by measuring
the V(2) for a material whose reflectance function has uni-
torm amplitude and phase over the range of angular spec-
tral components excited by the acoustic lens.

The 1'(2) measurements were conducted at 10 MHz. A
water-lead intertace. in which the reflectance function is
uniform in magnitude and phase out to § = 40°, was used
to calibrate the [U7 ] P term. The experimental reflec-
tance tunction of fused silica. obtained from the inversion
procedure. is superposed on Fig. 10 in dashed lines. There
1s good agreement between theory and experiment in both
magnitude and phase. The measured shear critical angle
at ¢ = 23.5” and the Rayleigh critical angle at # = 2585
compare extremely well with theoretical values.

IV. CoNCrLusion

We have demonstrated that phase information is a use-
ful asset in acoustic microscopy. Phase can be used to pro-
vide sensitivity and information in surface matenal char-
actenzation unparalleled by amphitude-only measurement
techniques. Most of the concepts deseribed in this work
have compicte generality and can readily be used in other
applhicatiors. In fact. many sdeas presented i this work
have been applicd to a new scanming optical microscope
H19] developed by Jungerman and Kino tor surtace topog-
raphy measurement. In the optical cas ¢ both the amplaude
and the phase ot the retlected beamy can be measured as
n the acoustic microscope. Preliminary re utts from the
scanmine optical microscope give further coatirmation ot
most of the concepts put forth in this paper.
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Characterlzation of surface defects using a pulsed acoustic laser probe

R. L. Jungerman, B. T. Khuri-Yakub, and G. S. Kino
Edward L. Ginzton Laboratory, W. W. Hansen Laboratories of Physics. Stanford University, Stanford,

California 94305

{Received 13 May 1983; accepted for publication 13 September 1983]

A pulsed acoustic laser probe is used to measure vertical acoustic displacements in the near field of
surface defects. A method of optically determining acoustic reflection coefficients in the time
domain is presented. The spatial variation of acoustic displacements over a slot is modeled with a
static theory. This theory estimates a depth of 230 um for a 250-um-deep slot. A near field image
of a fatigue crack demonstrates an application of the technique.

PACS numbers: 46.30.Rc, 42.80.Mv, 43.40.Cw, 68.25. +

In the field of nondestructive evaluation of materials,
there is considerable interest in determining the location and
size of surface defects. Defects, such as fatigue cracks in the
surface of a metal sample, can determine the failure of the
specimen under load. Acoustic surface waves have been used
to locate and size defects using time domain reflectometry. '
In this method, a piezoelectric transducer is used to excite a
short acoustic pulse. The reflected echo from a discontinuity
is then detected with a transducer. The amplitude of the
reflected signal gives information on the cross-sectional area
of the defect while the time delay of the echo determines the
defect position. In analyzing the acoustic reflection coeffi-
cient, allowance must be made for the transmitting and re-
ceiving transducer insertion loss, acoustic attenuation, and
diffraction. In addition, it is often difficult to locate the de-
fect precisely, knowing only the time delay of the echo. In
this letter we will present a method of optically measuring
acoustic displacements in the near field of a defect using a
laser probe. Two methods of characterizing defects will be
discussed. The first is a variation of time domain reflecto-
metry, using the laser probe to detect the incident and re-
flected acoustic pulses. Calibration is greatly simplified us-
ing this method. The second approach involves measuring
the spatial variation of the vertical acoustic displacement
over a defect to determine its dimensions.

The laser probe used in these experiments is a variation
f the all-fiber-optic interferometer described in earlier
work.>* The probe ¢ npensates for optical reflectance
changes encountered wiule scanning rough surfaces, making
it applicable to surface finishes produced by most common
manufacturing processes.” We have adapted the sensor to
operate in a pulsed mode in which the piezoelectnic trans-
ducer is excited with a short tone burst. The laser diode is
gated to turn on after a time delay which allows for the
acoustic transit time between the transducer and the loca-
tion where the optical measurement is made. The acoustic
transducer and laser are gated with duty cycles in the range
10:1-100:1.

An optical measurement of the acoustic reflection coef-
..cient can be made by positioning the laser probe spot in the
near field of a defect and between the acoustic transducer
and the defect. As the time delay betwceen the acoustic tone
burst and laser gating signal is increased, the incident acous-
tic amplitude, and then the reflected ampiitude, are mea-
sured. The same laser probe 1s used to measure the incident
392 Appl Phys Lett 44 (4), 15 February 19684
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and reflected pulses so no transducer insertion loss correc-
tion is required. Also, since the measurement is made close
to the defect, diffraction and attenuation corrections are not
significant.

Figure 1 demonstrates this technique for a 375-um-
deep slot in an aluminum sample using a 5-us acoustic tone
burst at 1.5 MHz. The measurement is made 1 cm from the
slot. The experimental reflection coefficient is 0.32 + 0.06,
as compared to a theoretical prediction of 0.23." The princi-
pal error comes from ringing in the transducer which causes
the fluctuating baseline and makes a precise estimation of
the peak amplitudes difficult.

The second method of characterizing defects is to fix
the laser gating time delay so that the incident acoustic pulse
is centered over the defect when the laser is switched on. The
laser spot is scanned across the defect to measure the spatial
variation of the normal displacement of the surface due to
the acoustic wave. Steele has developed a theory® to calculate
the vertical surface displacements near a rectangular slot in
the surface of a half-space when loaded statically in tension.
The displacement curves are a function of the slot depth ¢,
the width e, and the applied longitudinal stress o. By operat-

70¢
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FIG | Time domain measurement of the acoustic reflection coefficient

from a slot tn an aluminum sample The time delay between the acoustic
tone burst and the laser gating signal is used to separate the incident and
reflected pulses The reflection coethicient 1s 0 32+ 006 The acoustic fre-
quency s 1S MH7z and the slot depths 378 um
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FI1G. 2. Vertical displacements in the near field of a slot with 1 S-MHz Ray-
leigh wave excitation. The static theory provides an upper bound idashedi
and a lower bound (dots for the vertica! displacements The half-width d 15
used to predict a slot depth of 230 um  The true slot depth s 250 um

ing in the long wavcelength regime (the Rayleigh wavelength
is much larger than the defect dimensions), we can apply this
theory to a slot under the influence of a Rayleigh wave stress
field. Near the surface, the shear stress is zero and the longi-
tudinal stress along the direction of propagation z decays
exponentially with depth y.” The value of o,,{y) averaged
over the depth of the slot is used in the theory. This value of

., can be normalized in terms of the incident Rayleigh
wave amplitude at the surface u, .

Figure 2 presents the theoretical and experimental
curvesin aluminum for along slot, 160 um wide and 250 um
deep. The 1.5-MHz acoustic transducer is to the left. Stand-
ing waves due to reflection from the slot are evident to the
left of the slot. The<e dynamic ¢ffects are not treated by the
static theory. In the bottom of the slot and to the right, the
properties of the transmitted wave agree well with theory,
particularly near the slot. Further to the right, bulk waves
from the bottom of the slot give rise to other dynamic effects.
Taking the average displacement far to the right of the slot as
the incident displacement u, (the transmission coefficient is
ncarly umity), the theoretical curves are normalized by the
calculated constant:

¢ 0., /Eu, = 0.33,

where £is Young's modulus. Note the vertical component of
the incident Rayleigh wave displacement, which makes 1t
possible to normalize the curves, also raises the curves by a
constant offset. The static theory” provides upper and lower
bounds on the displacements. The experimental points lie
between these curves for the transmitted field near the slot,
Perhaps more importantly, the distance d between the center
of the slot and the point where the amplitude equals the
unperturbed Rayleigh wave amplitude can be caleulated

From this distance, a crack depth of 230 m s estimated,
cdose to the true value of 250 2m. The calculated value of the
half-widthd does not depend on the acoustic frequency oron

393 Appl Phys Lett Vol 44 No 4,15 February 1984

FIG. 3 Acoustic displacement image of a fatigue crack in an aluminum
sample Vertical displacement amphitude is plotied as a function of position
The defect 450 zm long. half-penny shaped, and 200 um deep The § 5-
MH7z acoustic transducer 1s to the left.

the use of the upper or lower theoretical bound.

The previous experimental results have been tor long
saw cuts, which are almost as wide as they are deep. A poten-
tial application of the probe to the characterization of a fa-
tigue crack i an alumimum sample 1s shownin Fig. 3 The
defect 1s 450 um {ong, half-penny shaped. and approaimate-
ly 200 gmi deep. At an acoustic frequency of 5.5 Mi{z. the
acoustic nnage of vertical displacement amplitude as a func-
tion of position clearly determines the location and length of
the crack. Precisely estimatng the crach depth from the
acoustic displacement protife 1s compheated by the nonunt-
form depth and finite length of the defect which necessitate a
three-dimensional analysis.

In conclusion, we have demonstrated a pulsed acoustic
laser probe which makes 1t possible to measure acoustic re-
flection cocfhicients and vertical displacements n the near
field of surface defects A static theory s applied to the near
field amphitude distribution to accurately estimate the depth
of aslot. Finally, practicat application of the probe to fatigue
cracks s illustrated.

The authors would hke io thank R Stearns, C. R.
Steele, and S. H. Yoo for their helpful discussions. M. Resch
provided the fatigue crack specimen. This work was sup-
ported by the Ames Research Laboratory for the Defense
Advanced Research Projects Agency under contract No.
SC-81-009 and the NSEF-MRL Program through the Center
for Matertals Research at Stanford University
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ABSTRACT -7
: INCIDENT REFLECTED WAvVE FROM STaip .
A Ferier transform technique is‘used to PLANE wAvE R, (K, kg iH(k 4.3 :
quantitatively determine transverse widths of Mk, X'y Ty :
surface features. This technique {s based on a N AEE_ETTES wAVE N
jeneralized theory which takes into account the N // TRCM 3UBSTIATE o
anguiar dependence of the reflectance of the sur- N ,.~\-Fsy; -?
face nelng 2xamined and the effect of defocusing. \:\\\ N
This neasurement technique is essentially indepen- \\<?\\:?\\\ RN
jent of material properties and the facusing of the NG ~ \\\ . X
lans, Zxperimental results on linewidths as small \‘ RN
15 Jne wavelength will be presented.

%
/
/////
/

. /

New axperimental results fn material charac- f \\ s
tar1zation Sy tne inversion aof V(z) to abtain the b 2
complex reflectance function R(3) of a liquid/ f | . . ~:
salid 1nterface will also be presented. The resuit ° TN sTae -
of in alterndtive derivation of the integral rela- >
“ton detween V(z) and R(3) , wnhich does not re-
juire any paraxial assumption, will be given. Fig. 1. Xirchoff approxtination to tne 4cousti:ic -

fteid reflected from a <nin sir D -,
deposited on a suDStrite. .
[. Line Width Measurement R
xg » x. . The thickness & =F =me ;ir'0 '35 is- oK
images obtained ~1th a scanning reflection sumed %0 de very mnuch smaller <nan ., 50 "mat e <.
ICOUSTIC MCrascope contain juantitative informa- only significant reflection 1s “ran Ine %20 survice SR
Ti1In sbout the vertical depths and tragsverse of the strip. [t can D¢ snhown *hdat ne iCC.5%'c
#11tns of the object surface features. {t #ill de microscope output voltage s 2 ‘unc2on If ine a
S70WA 10 LM1S paper that in some spectal cases, the strip position x. Nhas ine form e
iransyerse 11mensions can de determined «~ith high - "
Jrecision. A particularly simple case, yet one of [ £, - x . -
wch aractical interest, is the measurement of the vylx,) = rect. LA agoax ’:
w11tns Of long strips with rectanguldr cross-sec- s J ] ek
tIns.  de «1ll introdyui2 a4 Fourier transform - :
100r24Cn %0 tne line ~ 0 measurement protlem, -
™Me tneorctical ‘aundac n of this work 1s hdased on - 5
1 compiete 10deling of <ne spatial response of 4 . } (h * a.,n 1x; 1y, 1) :“
tonfacal magiag system 2o 4 rectdngular strip, >
«nich taxes jccount 3f the anqular dependence of - r
“he reflactivity of the object. This fourier tech- where ’{
113ue 4111 de shown to be espectally useful 1n de- . o
termnning strip «1d4tns comparablae to the focal spot - A
p1Ie. Tuperiments conducted 3T 30 MMz w10 e Nt ixy) s / SUREL IR PO R N O
Jresentaed %3 Zemonstrate the dastc principle. . ~
- -
Al - '-1 P.'
- 2eary Meskog ol 4 RS LT 2 ::
e €

Jansiler 4 tnNin Strip 1ep0sitad on A jemie N
tfrarea substrate of 2 41ssimiidr matertal, s -1 S
270wn T Frvy, 1L Suppose the strip is infintte 1n et ,y:) 2 A RFE .

“Me 4 Jirectton, 1as wtith D and 1§ centered at d > A
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and h'(xy,yo) and n{xq,yg) are respectively the
acoustic microscope point spread functions (PSF) at
the top of the strip and at the surface of the sub-
strate, and Rg and RF are respectively the
reflectance functions of the water/film interface
and the water/substrate inter’ace.

The second term of vg(x in €q. (1) is un-
important because it is a congtant due to the back-
ground reflection from the substrate, The first
term, however, explicitly shows a convolution rela-
tion between rect(xy/D) , which describes the geo-
netric width of the strip, and an effective line
spread function h"(xg) that takes into account
the different reflectances and vertical heights of
the surfaces of the strip and the substrate, In
other words, vg(x_) is a blurred image profile of
the actual strip.” vop(x_) can be a very complicat-
ed waveform, particularfy when the strip width 0
is comparable to the spot size of the focused
ACoust1c beam, or the beam is defocused. This
makes 1t difficylt to daccurately determine 0 Dby
locating the edges of the strip. This difficulty
with the spattal domatin response is the primary mo-
tivation for the Fourier spectrum dapprodch to the
line width measurement 2roblem described below.

Since 4 convolution in the spattal domain cor-
responds =9 a myltiplication in the spatigl fre-
juency domain, one abtains from £3. (1)

50F ) 2 0 sinc(Df ) A ) ¢ 8 5(f)) (3)

wnere A"(f ) 13 the Foyrier transform of
ntigy) o s (f ) vanishes 4t the zeros of the
*sinc” func:1oﬁ, which occur it

o= 0 no=ooel, e2, ... (4)
it follows <hat

IRV (s)

L,rero

1t 2an de snown that c a4 confucal sostem, CHU(f )4
M4S T ow D4A5S INAraclocs STICS #1th a1 upper cutoff
froquency Of

4
¢, Ndx

/(R (6)

anere = 15 tne f.aumober Of tne leas. H4"(f s
N jeneril aon-zern «1thin the 2assband, 4and 1S
tientrIyl g zern above the Zutaff freguency, Thus
e ey of e f ) for 3 O T g 3R
2140ty thase 5t tde siac’ response f the sirip,
3§ Tong gy the feras fall tastde the 2assdand, '.e.
2005 A

the strip width can be determined from £q. (5).
For instance, if F = 0.8541 , one can, in princi-
ple, resolve line widths as small as 0.85: .

The power of this Fourier transform technique
lies in fts simplicity. Given a priori knowledge
of the strip geometry, one only has to be aware of
some general properties, but does not need to know
the exact details, of the imaging system response.
The mere location of the zeros of the overall spec-
tral response suffices for the accurate determina-
tion of the line width,

L Welldaum
. WeadsSpm [
-80
Q 8 6 24 32 40
e x IO'S m!

Fig. 2. Fourier spectra of the acoustic microscope
spattal response to 35000 & thick joid
lines on fused s111ca from | to 2.5
wavelengths wide.

2. Experimental Results

Fig. 2 illustrates the experimental lVg(f‘)
for 5000 3 thick gold lines Jeposited on 1 fused
quartz substrate. The optically-measured «1dths
are 0D = 76, 43, and 33 .m, respectively, The
acoustic microscope operates at 33 MMz i = 30 .m)
with a f/0.35 lens, and the 3coustic deam 1s fo-.
cused on the surface of =he fused juartz sudstrate.
The line wtdths estimated from Zhe position of the
first zero of 1,(f ) agrae very ~ell a1th the
opt1cally-determ1neé width;,. The minor 1screpan-
ctes are mainly due to the nonuniformity 1n the
«#1dths of the gold lines.

[n addition, it is important %0 realize that
this Fourrer transform approdch i1s essentially in-
sensitive %0 defocusing. % 1S J2bvious from £q.
(3) that defocusing only changes the affeciive
spectral response A"[f 3 sligntly, ind 10es 1ot
introduce any “ew Ierds %0, A0r does 1t affect the
reros of, /. (f )y . Fig. I snows %he 2xperimental
Vo(f ), for 2% 2000 1 tMick and 6 L wide
cnromé fine dn fised udart: it various tefocusing
Nstances. The focus «ds 11 turn ‘ocated oHn, ing
it 50 . ind 30 .m 1Dove, Lhe sydbsirita, The
1acations HOf e first rerd 'a sl tnree lases ire
2ssenttally cor1ncident, J1viIng 3 «1ath estimgte Of
h.3 um
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F1g. 3. Fourier spectra of the acoustic microscope
spatial response to a 2000 & thick and
76 um wide chrome line on fused siiica at
different defocusing distances.

{i. Material Characterization dy [aversicn of ¥(z)

Tne Fourier transform relation between V(z)
and the the reflactance R(9) of a ligquid/solid
tnterface nas deen derived and dsmgnstrated expert -
mentally in gacoustic microscopy.~: However, the
iz 1ategral on w~hich the derivation of the Four-
ter transfarn relation is dased 1s formulated using
tne paraxtal dpproximation, and 1s therefore not
¢alra for acoustic lenses with a large angle of
zonvergence. An alternative nybrid formulation,
«nich combrnes elements of angular spectrum and ray
aptizs farmalisms, has Deen cdrried oyt and the
resul? 1s Jiven delow. [t should be noted *hat ng
~ar3xral gssumption 1§ necessary for its develop-
neat., New resyl%s for different materials abtainec
3y i‘nverting complex V{z) data acquired with g
3022141 3pnerical transducer operating 4t 10 MHZ
1re 3153 snown,

™ ;
‘e enry

The specral!l zase of 3 focused spherical trans-
lucer ~adrating 3irectly 1nto water with na duffer
Hediam 15 Ionstlered 4s shown in Fig, 4. The prac-
1230 sigmificance of tns 4acoustic lens confiqura-
tinn 41t de 2xpiatne iter, The spectdal transdu-
cer jegmetey simplifre. tne derivation, d4nd yet the
‘1nal s0lution nas jenerl salidity for any acoust-
*7otens configuration &NICh proaduces i Canverqging
iprer1ca) «ave,

'e

23N Me shown %hat the soltiage response

{700 5f trme facused transducer s jlven dy-

A 3 92" V2% exp(-lK w) W) a3
P 2 e 2 S

RIL LS D S TNe wase JRCLIr lomponent

'S

‘A tme o fieectian, 20k, 15 tne puptl “unczron
it Te eag . gng 27<,) Ts tne reflactance func-
Tran )f tme trggry/5aTid aterface. ©3. (3) 3nows
Tnat o T2 ang PCT¢ R (e,) farm g Faurter
Trinst 3 3a1e, TMe taversidn S0 adtaln ?((11\ 'S
;11"\ ’,'y

Fl
s——- —_—— P(kz) 2 0
Pé(K,)

R(k,) = (9)

l 0 P(kz) = 0
Ia general, P(k,) s not known 4 priori. However,
P¢{k,) can conveniently be calibrated by inverting
the V(z) for a liquid/solid iInterface whose re-
flectance has uniform magnitude and phase over the
angular extent of the lens pupil function. The wa-
ter/lead boundary is one such example, and the mag-
nitude and phase of the raflectance is essentially
flat from 0° to 40° incidence.

SPHERICAL
TRANSQOUCER

AIR BACKING

APERATURE

N PN PLANE 2
N\ lf ; .
for it , - JUARTER waveE
h i ’ MATZHING LAYER
\ 3 7
z VP, / waren
4 v s
lee - — -2t ~—— F0CAL PLANE
d 149
T~

— COJETT PLANE

Fig., 4. Specral focused transducer ysed for the
V(z) measurements,

This inversion d4pprodacn to matarial characler-
12ation is d1fferent 1n that 1t requires the
medsurement of V{z) fn doth amplitude anad phase,
whereds previous ~ork>*? ytilized only the ampli-
tude or intensity of /{z) . It 1s jenerally not
trivial %0 conduct 119n-dCCuricy pnase neasuyrements
In acoustic nicroscopy. We nave developed a pnase
neasurement systeml that ndkes possidle the pre-
ciston 4dcquisition of pnase data and the experimen-
tal demonstration of the tinversion tachnique.

2. Experimental esults

A special acoustic lens ts useqd for the J(2)
mneasurement. The 4coustliC transducer 1S 3 plezd-
alectric element in the form >f 1 spnericai snell
w#ith alr bBacking and a juarter-wave matinhing layer
an the front face., The %ransducer jenerites 31 :Idn-
verqing spherical w«ave 1ltrectly 1nto water, Tnis
qcoustic lens configquration 's idvantageous ‘or tne
viz) measurement for the fillowing reason. The
alimination of <he duffer rad removes “Ne Syste-
matic noi1se Jue L) reverderitlons taside tne duffer
rod. This type 3f 701s5e “ends %) iweridp 11 Line
atth the reflected s'gngy “rom the >0 ect. aitn
the present ‘ens 10nst~uCt1an, the 3cousti'c lens
tan ne transliated Jver 3 wiie ~inge f 0 %0 Ial-
tact 40z 1ata 'n oan 2ssentrally a0rse-free aAavy-
~Jnment,

The sphericdi “rinsducer nas 1 facal 'ength Of
5 mwm, f/0.7 apertire, and s gperated it (3. 07
MHZ, Many pract'cdioZonstleritions 50 Tty TS
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sarticular chotce of operating frequency range.

The 1nversion of the V(z) 1Is most conveniently
carried out for a lossless liquid medium. The loss
in water is essentially negligible at 10 MHz |, and
sg satisfies this requirement, Moreover, the wave-
length tn water of about 150 um 1{s suffictiently
large to render any irregqularity and instapility in
the vertical translation mechanism insiqnificant.
For the same reason, the measurement is less sub-
ject to error as a result of surface finish imper-
fections in the sample.

Figura 5 shows the reflectance functicn of a
water/fused si1iica interface obtained Dy inverting
the corresponding V(z) and then normalizing out
? (kz) of the transducer, The theoretical re-
flactance is also shown in the solid curve for
comparison. There is good general agreement de-
tween theory and experiment in doth magnitude and
pnase. The experimental shedr critical angle at
s 2 23,57 and the Rayleign critical angle at
3 2 25.35 compdare extremely w~ell w~ith theory,
The 'ongitudinal critical angle {s not reproduced
in ~he experimental result due to the anqular re-
30lutinn Jeqradation problem cgused by the spatial
trincatton af the V(z) data.

FUSED siL:Ca
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“ We0an
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17. 5. fCompartson of the theoretical [solid line)
ng 2xperinental (dasned line) reflectance
‘inctions for a4 water/fused silica nter-
£
face.

fiqure 5 15 the reflectance function for 3li-
Maum,  Ajailn, the ‘it bYetween -heory Jand 2xper:?-
wnt 's sery jood. The longitudinal and snear <ri-
“ical oingles show up cledrly 1n the 2xperimental
resyit 1n this zase, The Rayleigh critic:l ingle
's 'acatea it ¢ o3 30.467 | wntren jives 31 phase
wiacity of 2997 nfs  for tne leaxy surfice
1C3uS% 1T agve,

“Yqure 7 snows the reflactance ‘uncttoan for
Pacrgtag e 'ucite, 3 low acoustic selocity na-
TArty w1t nign Tss. Thig exampia 1l gstates
"™ 1385 'a matertals zan e Jeterntned,  The lona
;Ytadrnal certical angle g facated at o+ o= 3207
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F1g. 6. Comparison of the theoretical and
experimental reflectance functions for a
water/aluminum interface,

wnicn corresponds to 4 longitudinal w~ave velocity
of 2750 m/s . Tne magnitude of tne refiectance
peaks at 0.7 rather than | , 3s ~Ould de the
case for a lossless substrate. The amount 3f 1.
mnutton of the peak level Jepends an tne 1ass “ar
the longi%udinal mode, The thearetical Zurve '
fitted to the experimentil Jne dy varging the lon-
Jttudinal loss factor 3 . ) 1s ‘ound o Dde
about SO , which translidtes 11480 an 4tlenuyation
coefficient of 232 neperi/m , or 23 1B/zm 4t

10 MHz _wntch agrees well «1th dther JuDi:shed
values.
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the technique ts essentially insensitive to the
cnaracteristics of the imaging system. Line widths
zomparable to a wavelength can be determined dccur-
dtely with this method.

New results on matertal characterization by
the inversion of complex V(z) data have also been
shown. The result of a more general and non-par-
axial formulation of the V{z) integral is given.
This inversion technique represents a more complete
approdch to material chardcterization than pre-
/ious Y(z) related work. Phase velocities cf
various propagating modes in the material of inter-
2s% can de cetarmined from the reflectance func-
t10n. in addition, acoustic losses can also be
2stimated,
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INTRODUCTION

Recently, a great deal of attention has been devoted to prob~ :
lems of manufacturing technology. NDE techniques are beginning to g
be considered and to be applied to problems of measurement of ¥

~

structures during the mamufacturing process, rather than only >
determining whether there are faults present after manufacture.
The major advantage of adopting such procedures 13 their cost ef- )
fectiveness. Either expensive manufacturing processes need not be .
carried out on parts which already have faults, or an earlier -
process can be repeated to aliminate the fault before carrying out :
further manufacturing steps. -

Such problems occur on both large—scale devices familiar in :‘
conventional NDE, and on small-scale devices such as semiconduc- ”
tors, diamond machined parts, and magnetic recording heads and .
disks. The conventional NDE techniques can prove extremely use- .
ful, but they mst be scaled down to the appropriate sizes. -,

We shall discuss, in this paper, measurements of surface fea=-
tures, measurements of near—surface material properties, and to a f-
limited extent, measurements of certain types of electronic prop- "
erties of semiconductors. We will discuss techniques which we -5
have examined and which may be of help, in particular, for use .

with semiconductor devices and magnetic recording devices. We
summarize some of the possibilities of measurement of semiconduc-
tors i{n Table l. We consider first the problem of evaluating sur- A
face profiles. A typical sequence of operations in the manufac-
ture of a semiconductor device i3 shown in Fig. l. Lavers of 510,
are routinely used in sem{iconductor devices. Holes are cut in -
them by the photoresist process shown in Fig. l. The photoresist
in this example s laid down on top of the Si0,, and i3 exposed
photographically. A hole {s cut in {t by remo&ing unexposed
photoresist with solvent; the S10, in this region can then be
removed by etching. In practice, mltiple-layer systems can be
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Table 1
SEMICONDUCTORS

Examples of Needs for Surface Feature Measurements

Surface Profiles
width and Thickness of Metal Films
Width of Holes in Photoresist
Edge Profiles in Photoresist
Wideh of Holes in 5102
Thickness of S10, Layers

Other Needs

To measure thermal bonds, film adhesion, carrier
recombination rates, and doping density

SILICON CXIDE (a) SILICON SLICE WITH
SILICON SLICE OXIDE FORMED ON

SURFACE

PHOTORESIST ~— (b) PHOTORESIST LACQUER
g U
SILICON cxxoe/r““m“xﬁ APPLIED TO SURFACE

RAXIRXREXXXX]

(¢) PHOTORESIST EXPOSED

SILICON OXIDE TO ULTRAVIOLET LIGHT
THROUGH PHOTOMASK
EXPOSED
PHOTORESIST
- M (d} UNEXPQSED PHOTORESIST
SILICON OXIDE— 3 REMOVED WITH SCLVENT
EXPOSED
PHOTORESIST —_— | (8) SILICON OXIDE REMOVED
SILICON OXIDE™ 8Y ETCHING
SILICOM QXIDE ] STITE (t) PHOTORESIST STRIPEED
TO LEAVE 'WINOCW'

IN SILICON CXIDE

Fig. l. Selective oxide removal by the photoresist process.

made in this w7ay, and it {s obviously of i{mportance to be able to
measure the width of the holes so cut, the shape of the edges of
the holes, and the thickness of the f{ndividual layers that are
being formed.
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Further steps in the process may be carried out, as 1llus-
trated in Fig. 2. Similar kinds of meagurements are required at
each step. Each of the features that must be measured are pre-
sently of the order of one to a few micrometers in width; as pro-
gress is made, the requirements become more and more severe, down
to 0.5 um or even less. As there may be several hundred thou-
sand devices built on one chip, it is impractical, regardless of
the measurement system used, to measure every device on the chip;
the information content is too large. What can and should be done
is to meagure test samples on each chip to evaluate whether the
processing methods employed ares working correctly.

A similar set of problems occur with magnetic recording disks
and heads. A simplified illustration of such a recording disk and
head is shown in Fig. 3, listing soms of the properties that need
to be measured. In magnetic recording, the magnetic recording
head floats on an air bearing a few thousand Angstroms away from
the disk omn which the recording is made. The disk 1s typically of
aluminum with a ~1 um thick layer of ferrite~filled epoxy laid
down on it. The thickness of the air gap is of great importance.

[2rss207070010000077000077027:
n (0) OXIDIZED Nn-TYPE SILICON SLICE

SILICON OXIOE

{b) BASE WINDOW OPENED IN OXIOE
~ gY FIRST PHOTORESIST
PROCESS SEQUENCE (FIG.2.6)

| (c) p-TYPE BASE DIFFUSED IN,
ANO NEW OXIDE FORMED

| (d) EMITTER WINDOW OPENED 8Y
SECOND PHOTORESIST SEQUENCE

(e) n=TYPE EMITTER DIFFUSED IN,
ANO NEW OXIDE FORMED

| (f) BASE AND EMITTER CONTACT
WINDOWS OPENED IN OXIDE BY
THIRD PHOTORESIST SEQUENCE

| (Q) ALUMINUM CONTACTS EVAFCRATED
ON AND DEFINED 8Y THIROD
PHOTORESIST SEQUENCE

(Rh) SLICE CUT INTO WAFERS, EACM
WAFER MOUNTED

Fig. 2. Steps in the diffused planar process.




FLOATING HEAD

CERAMIC " _AIR GAP
PARTICLE
FERRITE FILLED EPOXY
Al DISC

Fig. 3. Simplified schematic of a magnetic disk and head. Need
to measure: surface waviness, roughness, thickness of

epoxy, filling factor, air gap, head surface, stress pro-
file.

The filling factor of the epoxy must be known and the thickness
and waviness of this layer must be controlled very carefully.
Furthermore, in order to stop the head from "crashing" on the disk
as the disk slows dowm, ceramic particles are distributed in the
epoxy on which the head can rest. Other problems occur {n the
manufacture of the head {tself. Stress in the ceramic material of
the head can cause it to bow. Careful control of its gurface
finish and its flatness are required, as well as measurements of

the air gap between the disk and the head and measurements of the
disk {tcself. -

The types of sensors which can be used to make the required
neasurements are varied, but are basically scaled down versions of
the seansors normally used in NDE applicactions. Thus, the optical
and acoustic sensors required typically become microscopes of one
kind or another, as often the photoacoustic sensors become. A

summary of the types of sensors that could be used {3 zivea in
Table 2.

We shall now discuss some examples of the sensors which can
be used and which we have tried in simple applications.

Table 2

TYPES OF SENSORS

Optical: Scanning and Standard Microscopes
Acoustic: Range Sensors, Scanned Microscope.

Acoustic Wave Propagates in Solids,
Liquidsg, or Alr.

Photoacoustic: Measures Thermal Effects in Solids,

Liquids and Af{r. Also Measures Electronic
Effects {n Semiconductors.
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THE ACOUSTIC MICROSCOPE

The scanntng acoustic microTcope was developed at Scanford by
Calvin Quate and his co-workers. An early version of this micro-
scope i3 i{llustrated in Figs. 4 and 5. An acoustic transducer on
a sapphire or quartz substrate excites a plane wave. A spherical
hole is cut iato the opposite surface of the sapphire or quartz
substratea. This forms a spherical lens which produces a tightly
focused beam inm water. The focused beam, which impinges on the 3
material being examined, 1s reflected from it and received back .
again at the transducer. As the reflectivity of the material be-
ing examined varies with its surface properties, the intensity of
the received image from a small region controlled by the focused
beam will depend on the nature of the material being examined. A
two—dimenstonal image {s obtained by mechanically scanning either
the sample or the transducer using essentially a loudspeaker move-
ment for a scan in one direction, and a slower mechanical scan for
the scan in che other direction. Thus, a raster image 13 obtained
which can be displayed on a video screen. The definition of the
system {s comparable to the wavelength in water so that at a fren~
quency of 31 GHz , the definition {3 of the order of 4000-5000 A
with correspondingly poorer definitions at lower frequencies. De-

finitions of 300 A have been obtained with liquid helium as the
operating medium.
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The contrast of the image is determined not only by the re-
flectivicy of the surface, hut also by the phase of the reflected
vaves, as illustrated i{n Fig. 6. Suppose the beam {3 focused so x.
that the focal point {3 below the surface of the solid. It is N
then posaible for the lens to excite Rayleigh or surface waves on
the substrate, which can be reflected back to the lens and re=-

ceived by it. Only certain rays from the lens cause Rayleigh wave ?:
excitation. These rays are incident at an angle GR where "
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MECHANICALLY SCANNED

Fi{g. 4. Schematic of acoustic amicroscope. K




Fig. S.

Mechanical scanning of the sample {n twoc dimensions is
accomplished in the present version of the Stanford
acoustic microscope by means of the apparatus depicted
here. The round disk holding the sample i{s displaced
horizontally 100-200 um by a loudspeaker vibrating at
a frequency of 60 Hz. The vertical displacement of the
sample and the loudspeaker assembly are driven by a
direct-current electric motor (the vertical motion is
mich slower than the horizontal motion). The reflected
acoustic signals from the sample are processed electro-
nically and are used to modulate the intensity of the
electron beam in a television monitor. The image 1is
formed by scanning the electron beam across the screen
in synchrony with the motion of the sample across the
focal point of the acoustic beam. It {s the ratio of
displacements of the two beams that determines the mag-
nification of the final {mage. »
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Fig. 6. Specular and Rayleigh reflected waves in the acoustic
microscope.

sin 8 = Vg Vg

where Vw i3 the acoustic wave velocity in water, and VR is the
Rayleigh wave velocity on the solid.

As shown in Fig. 6, two s2gnal components arrive back at the
lens, those which follow the Rayleigh wave path and those which
are specularly reflected from the surface. These two sets of rays
can interfare with each other and may add in phase or out of
phase, depending on the distance z of the focal point from the
surface. As the leuns i3 moved up and down, the voltage V(z) re-
ceived by the transducer varies with z . As the lens i3 moved
across a surface whose wmaterial properties vary, V(z) will vary.
Therefore, the contrast changes obtained with the microscope are
very sensitive to surface properties.

Fig. 7 1s an illuscragion of an image of a meatal film laid
down on a glass substrate. The optical images shown for compar-
ison and the images obtained at two different values of 2z are
also shown. It will be gseen that the contrast changes with =z .
The poor adhesion of the metal films near their edges shows up
very clearly in the acoustic microscope pictures, but {3 not ob-
served optically. This i{s because the Rayleigh wave velocity
varies radically with the adhesion of the metal film. Consequent-
ly, acoustic microscopy techniques can be very useful for measur—
ing adhesion, binding and other mechanical properties which are
difficult to evaluate by other techniques.

We have attempted to put acoustic microscopy on a more quan-
titative basis and have arrived at techniques for measuring the
phase and the amplitude of the reflected signal components separ-
ately. » This makes it possible to determine the height and
width of surface features separately, as well as to determine sur-

L e




1000 & Cr ON GLASS ( POOR ADHESION)

[ (5) ACOUSTIC Z=t & I(c) ACOUSTIC Z=-O3u

Pig. 7. Inages of a metal film on glass. (a) An optical image.
(b) An image taken with a 2 GHz acoustic microscope.
(¢) An {mage with a defocus discance of -0D.5pum .

face material properties from the measurement of the Rayleigh wave
velocity. It also makes it possible to carry out Fourier trans-
forms of the reflected image and other kinds of processing since

both amplitude and phase information are available. The technique’

employed i{s illustrated {n Fig. 8. A short tone burst is inserted
into the transducer and is reflected from it. The specularly-
re’lected component arrives at a different time from the Rayleigh
wave component so that they can be measured separately. Using
this technique, we can determina the phase difference between
these two signals to an accuracy of 0.1° which corresponds to
be%ng able to measure the Rayleigh wave velocity to one part {n

10

In an alternative mode of operation, we exnite a hollow beam
on an outer ring surrounding the lens. This beam is reflected
from the substrate and {s used as a reference. We compare it with
the reflection from a focused beam whose focal point {3 at the
surface of the substrate. We can control the average height of
the transducer from the substrate by comparing the phase of the
signal returned from the reference beam (several millimeters in
diameter) with an external reference; we use a plezoelectric
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Fig. 8. (a) Rayleigh wave velocity measurement. (b) Acoustic -
microscope lens for topography profiling. v
-~
pusher to move the transducer up and down. As the transducer is :
noved across the substrate, the phase of the specularly-reflected N Q.
focused beam (~30 um diameter) gives an accurate measure of the %
height of the region being observed. By this means, we can mea- }
sure changes in height of the surface to an accuracy of /3000 ,
where A 1is the acoustic wavelength in water. Y
An example of work by Liang, Bennett, Khuri-Yakub and Kino is };
shown in Fig. 9, in which these techniques were used to measure the N
thickness of a 5000 A layer of alzminum using 50 MHz acoustic -

waves with a wavelength of 30 um . The Rayleigh wave technique -
was cthen used to measure the velocity of a surface wave along the
aluminum, thus giving a measure of the material properties of the

surface. "
The technique can also be used to measure the width of sur- ::»
face features very accurately. Using the focused beam, and mea- %
suring its phase, we have been able to measure the width of sur— -
face films whose widths are quite comparable to the spot size of :i
the beam. By using Fourier transform techniques, it {3 possidble '}‘
to put these measurements on a highly quantitative basis {n which Cf
the results do not depend too critically on the fact that the NS
focus of the beam is exactly at the substrate.® Thus, acoustic :’
microscopy and related scanning optical microscopy techniques can )
be very useful in this application. N
2

s

+




50004 OF ALUMINUM

JQLASS, UBSTRATE /7,
A s 30um IN WATER
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Fig. 9. Measurements and topography of velocity perturbaction

taken with a 50 MHz acoustic microscope.
SCANNING OPTICAL MICROSCOPE

After wea were able to obtain good phase and amplitude infor-
mation directly with a scanned acoustic microscope, we were promp-
ted to see if we could duplicate this kind of operation with an
optical microscope. One of the problems with scanning optical
mic-oscopy, or any kind of quantitative microscopy for that mat-
ter, {s that, because of the precision required, vibrations can
cause great difficulty in measurements. Therefore, a very solid
optical bench and other equipment are needed. One of our aims was
to eliminate this difficulty; another was to use modern electronic
signal processing techniques to measure phase tc an accuracy of a
few degrees rather than using standard optical interference tech-
niques. This would make {t possible to measure, simultaneously,
the width and height of surface profiles using the same system.
Presently, such measurements of width can typically be made with
one kind of device, and measurements of height with another, but
it 13 not usually posaible to measure the height or thickness ac-
curately in regions of very small transverse dimensions.
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microscore / 10
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'o + "
PHASE SENSITIVE
PHASE @—i OETECTOR =5 AMPLITUDE
SIGNAL zkrzrzazncz
) N
Zf, p——
™ T 0ETECTORS
{(b) == >
1 MICROSCOPE
OBJECTIVE
amacc | SAMPLE

Fig. 10. Scanning optical microscope. The Bragg cell splits the
input beam and scans the deflected and frequency shifted
beam acriss the sample. The undiffracted beam is used
as a reference. (a) Simplified schematic. (b) Secon-
dary reference on sample to compensate for surface tilt.

The system we have developed is an electronically-scanned op-
tical microscope with a stationary reference on the sample so as
to eliminate the effect of vibrations. The basic device is shown
in Figs. 10a and lOb. A laser beam of frequency f i{s passed
through a Bragg cell whose frequency can be varied from 60~-110
MHz . The Bragg cell deflects the acoustic beam. The deflection
angle is linearly proportional to the frequency fg ,» the fnput to
the Bragg cell. A deflected and undeflected beam pass through a
microscope objective lens, producing two focused spots on the sur=-
face of the sample. The incident beams are reflected from the
sample, pass again through the Bragg cell, and produce two signals
along the path shown; these signals are of frequencies fo + fB
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Fig. ll. Theoretical and experimental phase profiles of a step
taken with plane wave tlluminat.on (solid line) and a
confocal lens system (broken line).

and f. - £, respectively. The phisSe difference between these
two siznals is equal to the optical phase difference of the two
reflected beams from the sample. By -assing the received beams
into a photodetector, a product signal i{s obtained from the photo-
detector at a frequency ZfB whose amplitude depends on the am—
plitude of the scanned beam and whose phase {s the phase differ—
ence of the signals of the two beams. We therefore have arrived
at a technique for measuring the phase and amplitude of the opti-
cal beams, but carry out this maasugemen: at frequencies that can
be handled by electronic circuitry.

The actual system is somewhat more complicated because it (s
necessary to provide a reference signal at a frequency 2fq .
Since there i{s a phase change from the input 3signal to the 3ragg
cell to the point where the optical beam is incident, and this
phase change varies with frequency, and hence deflection angle, {t
is necessary to eliminate this error. We do this by using two in-
cident beams on the Bragg cell, as shown {n Fig. 10b, obtaining
the reference signal from the second set of beams. The second set
of beams 13 passed through a narrow aperture and therefore pro-
duces two wide beams on the sample whose transverse 3ize (s per-
haps £1fty times that of the well-focused spot. Therefore, as the
secondary set of reference beams (s scanned by the 3ragg cell, 1t
is not much affected by fine changes in surface profile.
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Fig. 12. Amplitude and phase variation acroas an aluminum step on
a metallized substrate. The phase step indicates a
height of 820 A .
-..

A major advantage of this reference system i3 that it 13 nei-
ther sensitive to vibration normal to the lens, or to tilt. The
operating system is so insensitive to these parameters that bang-
ing on the optical bench with a hand has very little effect.

Another advantage of such a scanned optical system i{s that,
because the same beam is used for transmission and reception, the
point spread function of the lens 13 squared. Hence, the sidelobe
levels are extremely low, and there {s very little ripple when one
observes sharp steps. We have carried out a detailed theory to
predict what should occur and have carried out measurements to
confirm our theory. Some simple results which were obtained for
the acoustic microscope are shown in Fig. ll. »3 As the beam i3
passed over a step, the transicion {s extremely smooth as opposed
to what would be expected theorstically for a plane wave illumina-
tion, where the transition shows some ripple. The theoretical
profile to be expected for this confocal scanned system i{s shown
as the dashed line; the experimental results for the acoustic
microscope are shown as points. The agreement is excellent.

We have used this optical microscope to obtain the results
shown {n Fig. 12; {n these preliminary egperiments we measured a
step of 800 & of aluminum on aluminum. It will be seen that
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the measured phase is in good agreement with what would be expec~-
ted. The amplitude profile is only in fair agreement with what
would be expected; later results indicata far better agreement
than showm here.

PBOTOACOUSTIC TECHNIQUES

Photoacoustic methods are ideal for measuring thermal prop-
erties of matarials such as the integrity of a bond between a
silicon substrate and a heat sink, the lack of adhesion of a metal
film, the presence of near—surface defects in materials, and the
integrity and quality of curreat-carrying conductors. Related
techniques can also be useful for measuring electronic properties
of materials such as doping density profiles and recombination
rates of carriers. We shall describe here a subset of problems of
this anature which we have investigated. Other related pfoblems
are described in a paper in this issue by Stearns et al.

The technique we have employed is different from coanventional
photoacoustic methods. Most commonly, a heat _source such as a
modulated light beam is incident om a sanple.8 This modulataes the
near—surface temperature of the sample. In turn the thermal ex—
pansion and contraction of the material, caused by the change in
temperature, excite an acoustic wave in the material which i{s de~-
teacted with an acoustic transducer ou the opposite side of the
sample. An alternative mathod, which has been used extensively,
is to measure the acoustic wave generated in the air above the
sample. B

In one example, shown in Fig. l3a, we excite an acoustic sur—
face wave with a wedge ttangducer placed on the sample and receive
1t on a similar transducer.” The modulated light incident onm the
sample changes its near—surface temperature. This temperature mo-
dulation in turm varies the phase of the received signal. Thus,
with this technique, the laser heating perturbs an acoustic wave
rather than excites one. A second method, shown in Fig. 13b, uses
an acoustic wave incident on the surface of the substrate from a
focused transducer {n air; the reflected wave is veceived on a
second transducer. The phase change of the acoustic wave caused
by the temperature modulation of the air yields a direct measure-
ment of temperature. The technique is extremely sensitive and can
be operated over a broad band of frequencies. It also has the ad-
vantage that it can be used to localize the region being examined.
In another example of the technique, an acoustic microscope ex—-
cites acoustic surface waves so that we can examine regions where
the temperature {s modulated on the surface of a material. 1In

this case we obtain the transverse definition of the acoustic
microscope.

An accompanying paper by Stearns et al includes a discussion
on how these techniques can be exploited to ?easure the thermal
properties of silicon bonded to a heat sink. We shall therefore
not discuss thermal measurements any further. Instead, we shall
focus on the utility of altermative mechogs which measure the
electronic properties of a semiconductor.
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TWO CONFIGURATIONS OF
THE MEASUREMENT TECHNIQUE

PHOTOACOUSTIC TECHNIQUE

LIGHT (u)
{MODULATED)

LIGHT HEATS SAMPLE

(b)
ACQUSTIC
M—TRANSDUCER

TEMPERATURE IS
MQOULATED 8Y
LIGHT SOURCE

MODULATED

(c)

M
Fig. 13. Configuration of a photoacoustic measurement technique.
(a) Surface wave measurement with a wedge transducer.
(b) Acoustic transducer in air. (c) An 1llustration of
the path of a light beam and acoustic beams in air.

Suppose we use the configuration of Fig. 13a with argon light
incident on a silicon sample. In this case, the light will gene-
rate electrons and holes. The electrons and holes will, {n tum,
perturb the acoustic surface wave velocity. The perturbation will
be proportional to the carrier density. As the frequency of mao-
dulation is increased, the phase perturbation will not change {n
amplitude until the modulation frequency becomes comparable to the
recombination frequency of the carriers.. At this point the ef=-
fects begins to fall off. At very low frequencies temperature ef-
fects are also important.

Some results taken on a P~type silicon sample are shown {n
Fig. l4. It {3 seen that the magnitude of the effect falls off,
as predicted. Furthermore, the phase of the perturbation relative
to the phase of the input chopping signal also changes, as illus-
trated in Fig. 14b. It will be seen that the phenomenon {3 well
understood, and the agreement between experiment and theory is
excellent.
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Fig. l4. Acoustic phase perturbatin in Si.

The technique, tharefore, provides a method of measuring re-
combination rates of carriers in a small region of the semicon=-
ductor. If an acoustic microscope is used for exciting the sur—
face waves, then no contact need be made to the semiconductor.

CONCLUSIONS

We have discussed a number of techniques for examination of
electronic devices. Due to limitations of space, we have concen—
trated on only a few of the available methods. The acoustic and
optical microuscopes are very powerful tools for measuring mechani-
cal properties, adhesion surfage profiles, and sizes of small fea-
tures. Photoacoustic techniques are useful for measuring thermal
properties of materials; they can also be used for measuring elec-
tronic properties. Related techniques may be useful for measuring
doping profiles in materials without making contact with the sur—
face.l0 Other techniques, which employ acoustic waves excited in
air, are also being developed for measuring surface profiles. The
great advantage of these techniques is that the surface is not
contaminated by the probing technique itself.
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particular cholce of operating frequency range.

The 1nverston of the V(z) 1{s most conveniently
carried out for a lossless liguid medium. The loss
1n water is essenttally negligible a4t 10 MHz , and
50 satisfires this requirement, Moraogver, the wave-
length in water of about 150 .m is suffictently
large to render any irregqularity and 1nstability in
the vertical translation mechantsm fnsignificant,
For the same reason, the measyrement is less sub-
ject to error as 4 result of surface finisn imper-
fections 1n the sample.

Figure S shows the reflectance function of a
water/fused si1lica 1nterface obtained dy inverting
tne corresponding V(z) dand then normalizing out
P€(x,) of the transducer. The theoretical re-
flectance is also shown fn the sol1d curve for
comparison, There is jood general agreement de-
tween theory and experiment in doth mnagnitude and
pnase. The experimental shear critical angle at
3 2 23.5° and the Rayleign critical angle at
3 = 25.35° compare extremely ~ell with theory,
™e longitudinal crittcal angle is ot reproduced
in the experimental result due to the anguldr re-
solution degradation problem Cgused dy tne spatial
tryncation of the V¥(z) data.*”
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Fig. h. Comparison of the theoretical and
experimental reflectance functions for a
water/aluminum interface.

wnich corresponds to a langttudinai w~ave velocity
of 2750 m/s . The magnitude of tne reflectance
oeaks at 0.7 rather than | , as ~ould de =he
case for a lossless substrate. The amount of 11-
miaytion of the peax level depends on ne '2ss for
the l'ongitudinal mode. The theoretical curve 1§
fitzed t3 the experimental one by varying the 'on-
3rtydinal loss factar 3 . ) s found %0 de
apout SO0 , whicn transldtas 14to 3an 4atZenuation
coefficient of 232 nepers/m , or 20 1B/cm at

10 WHz _wnich agrees well «1n Jther puditsneq
talues.
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the technigue is essentially insensitive o the
cnaractertstics of the imaging system. Line widths
comparable to a wavelength can bde determined accur-
ately +1th this method.

New resylts on material characterization by
tne 1nversion of complex V(z) data have also deen
snown. The result of a more general .nd non-par-
ax1al formulatton of the V(z) integral is given.
This inversion technigue represents a more complete
30proach to matertal characterization than pre-
sious Y(2) related work. Phase velocities of
var1aus 2ropdgacting modes in the matertal of inter-
ast -an de determined from the reflectance func-
==3n.  In aadizion, acoustic josses can also de
agtimated.
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MEASUREMENT TECHNIQUES FOR ELECTRONIC DEVICES

Gordon 3. Kino
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INTRODUCTION

Recantly, a great deal of attention has been devoted to prob-
lems of manmufacturing technology. NDE techniques are beginning to
be considered and to be applied to problems of measurement of
structures during the mamifacturing process, rather than oaly
determining whether there are faults preseant aftsr manufacture.
The major advantage of adopting such procedures is their cost ef-
factiveness. Either expensive manufacturing processes nsed not be
carried out on parts which already have faults, or an earliler
process can be repeated to eliminate the fault before carrying out
further manufacturing steps.

Such problems occur oa both large—scale devices familiar in
conventional NDE, and on small-scale devices such as semiconduc—
tors, diamond machined parts, and magnetic recording heads and
disks. The conventiocmal NDE techniques can prove extremely use-
ful, but they mst be scaled down to the appropriate sizes.

We shall discuss, in this paper, measurements of surface fea-
tures, mesasurements of near-surface material properties, and to a
limited extent, neasurements of certain types of electronic prop—
erties of semiconductors. We will discuss techniques which we
have examined and which aay be of help, in particular, for use
with semiconductor devices and magnetic recording devices. We
summarize some of the possibilities of measurement of semiconduc-
tors in Table l. We consider firsc the problem of evaluating sur—
face profiles. A crypical sequence of operations in the manufac-
ture of a semiconductor device is shown in Fig. l. Llayers of 51{0-
are routinely used in semiconductor devices. Holes are cut in -
them by the photoresist process shown in Fig. l. The photoresist
in this example is laid down on top of the S10,, and 1is exposed
photograshically. A hole {s cut in it by removing unexposed
photoresist with solvent; the S0, in this region can then bde
removed by etching. In practice, multiple-layer systems can be

-
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Table |
SEMICONDUCTORS

Examoles of Needs for Surface Feature Measurements

Surface Profiles
wWidth and Thickness of Metal Films
Wideh of Holes in Phoctoresist
Edge Profiles in Photoresist
Width of Holes in S§10
Thickness of 510, Layers

Other Needs

Toc messure thermal bonds, film adhesion, carrier
recombination rates, and doping densicy

SILICON OXIDE (a) SILICON SLICE WITH
SILICON SLICE OXIDE FORMED ON

SURFACE
PHOTORESIST
RESIST—, (B) PHOTORESIST LACQUER
SILICON QXI10€E- ‘ l APPLIED TO SURFACE
PHOTOMASK bbb bbobidis
PHOTORESIST (¢c) PHOTORESIST EXPOSED
SILICON OXi(0E TO ULTRAVIOLET LIGHT

THROUGH PHOTOMASK

EXPOSED
PHOTORES|

(@} UNEXPOSED PHQOTORESIST
SILICON OX10E~" l [ REMOVED WITH SOLVENT

EXPOSED

PHOTCRESIST (@) SILICCN OXIDE REMOVED
SILICON OXI0€ 8Y ETCHING

siLt 10— (t) PHOTQRESIST STRIPOED
con Qxice ’ TO LEAVE "WINOCW'

IN SILICCN OXIDE

Fig. 1. Selective oxide removal by the photoresist process.

asde ia this way, and {t {s obviously of importance to be able to
measure the width of che holes so cuc, the shape of the edges of

the holes, and the thickness of the individual layers that are
being formed.

V4]

AT

& A

(AR TR ]

l{ v.. l, ‘. "_

¥ l‘.




»
.
:
Further steps in the process may be carried out, as {llus- .
trated ia Fig. 2. Similar kinds of massurements are required at -
each step. Each of the features that must be measured are pre- ‘e
sently of the order of one to a fev micrometers in width; as pro~ Iy
gress is made, the requirements become more and zore severs, down o
to 0.5 um or even less. As thers may be several hundred thou- y
sand davices built on one chip, {t is impractical, regardless of ¥
the messurement systeaz used, to mesasurs every device on tha chip;
the information content is too large. What can and should be done o
is to measure test samples on each chip to evaluate whether the \
processing mathods employed are working correctly. }.
)
A similar set of problems occur with magnetic recording disks '
and hesds. A simplified {llustration of such a recording disk and
head is shown in Fig. 3, listing some of the properties that naeed 7
to be measured. In magnetic recording, the magnatic recording v
head floats on an air bearing a few thousand Angstroms away from oA
the disk on which the recording i{s made. The disk is typically of R
aluninum with a ~l um thick layer of ferrite-filled epoxy laid -
dowa on 1{z. The thickaess of the air gsp 1s of great importance. 3
| n | (G) OXIDIZED n-TYPE SILICON SLICE .
SILICON OXIDE 2
7 (D) BASE WINODOW OPENED IN OXIDE
n ~ BY FIRST PHOTORESIST
i PROCESS SEQUENCE (FIG.2.6) -
Cd
: e
| (C) p-TYPE BASE DIFFUSED IN, .
AND NEW OXIOE FORMED "
I
| (d) EMITTER WINOOW OPENED 8Y ;
SECOND PHOTORESIST SEQUENCE A
>,
"
»
IITIR NS 2 I SEOP |
B Rer e 9 {e) n=-TYPE EMITTER OIFFUSED IN,
AND NEW OXIOE FORMED X
n .
n .
A 77> (f) BASE aAND EMITTER CONTACT -,
Lo =d WINDOWS OPENED N OXIOE BY A
THIRD PHOTORESIST SEQUENCE .
o Y S0 () ALUMINUM CONTACTS EVAPCRATED .;
S ) ON AND OEFINED 8Y THIRD v
— Gl PHOTORESIST SEQUENCE 7
n,
”W““ (h) SLICE CUT INTO WAFERS, EACH .
—— WAFER MOUNTED Ve
gt A Y
n .
-
Pig. 2. Steps in the diffused planar process. N
“
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ACHTGLY

Calol

FLOATING HEAD

CERAMIC ' _AIR GAP
PARTICLE
/' FERRITE FILLED EPOXY
Al DISC

7ig. 3. Simplified schemstic of a magnetic disk and head. Need
to measure: surface waviness, roughness, thickness of

epoxy, £illing factor, air gap, head surface, stress pro-
file.

The filling factor of the epoxy must be known and the thickness
and vaviness of this layer must be coutrolled very carefully.
Purthermore, in order to stop the head from "crashing" om the disk
as the disk slows down, ceramic particles are distributed in the
epoxy on which the head can rest. Other problems occur in the
manufacture of the head 1tself. Stress in the ceramic material of
the head can csuse it to bow. Careful control of its surface
finish and {ts flatness are required, as well as measurements of

the air gap between the disk and the head and msasurements of the
disk itself.

The types of semsors which can be used to make the required
messuremencs are varied, but ara basically scaled down versions of
the sensors aormally used in NDE applicacions. Thus, the optical
and acoustic ssunsors required typically becoms microscopes of one
kind or another, as often the photoacoustic sensors become. A

summary of the types of sensors that could be used is given in
Table 2.

We shall now discuss some examples of the sensors which can
be used and which we have tried in simple applicatious.

Table 2

TYPES OF SENSORS

Optical: Scanning and Standard Microscopes
Acoustic: Range Sensors, Scanned Microscope.

Acoustic Wave Propagates in Solids,
Liquids, or Air.

Photoacoustic: Measures Thermal Effects (n Solids,

~ - - . - P
5’ (\(.‘ .f {.'I_'-’\J‘.‘I - J"‘f. f\f I, (‘.f\f - .. 'l '.- LRGN RO & J'_.

Liquids and Aflr. Also Measures Electronic
Effects {(n Semiconductors.
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THE ACOUITIC MICROSCOPE

The scanntng acoustic dcrotcopc was deaveloped at Stanford by
Calvin Quats and his co-workers. An early version of this micro-
scope is illuacrated in Figs. 4 and 5. An acoustic transducer on R
a sapphire or quartz substrate excites a plane wave. A spherical :
bole is et into the opposite surface of the sapphire or quart:z )
substrate. This forms a spherical lens which produces a tightly
focused beam i water. The focused beam, which impinges on the
saterial being examined, is reflected from it and received back
again at the transducer. As the reflectivity of the material be-
ing examined varies with its surfacs properties, the intensity of
the recaived immge from a smsll region controllaed by the focused
bean will depend on the nature of the matarial being examined. A +
tvo—dimensional image is obtained by mechanically scanning eicher :
the sasple or the transducer using essentially a loudspesker move-
mant for a scan ia one direction, and a slover mechanical scan for
the scan ia the other direction. Thus, a raster image {s obtained
which can be displayed on a video screen. The definition of the .
system is comparable to the wavelength in water so that at s fre- y
quency of 3 GHz , the definition {s of the order of 4000-5000 A
with correspondingly poorer definitions at lower frequencies. De-

finttions of 300 A have been obtained with liquid helium as the :
operating medium. ;
>
The contrast of the image i{s determined not only by the re- 2
flectivity of the surface, but also by the phase of the reflected *
vaves, as {llugtrated in Pig. 8.2 Suppose the beam {s focused so by
that the focal point i{s below the surface of the solid. It is
then posaible for the lens to excite Rayleigh or surface waves on :
the substrace, which can be reflected back to the lens and re- ~
csived by it. Ounly certain rays from the lens cause Rayleigh wave .:
excicacticn. These rays are incident at an angle eR where .
INDYT rf
- L SE
7 N\—
O O TO QuTRYT .
oINPT (C,) ouTRUT i:‘gcfm,c_.; Ny
ELECTRICAL ~ CIRCULATOR o1sPLa
MATCHING K
NETWORK ~ TRANSOUCER y
LENS
ANT!~ D
—_— REFLECTION :
Ve ey >, COATING .
REFLECTING OBJECT 9
MECHMANICALLY SCANNED K
Plg. 4. Schemstic of acoustic microscops.
?
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Fig. S. Mechanical scanning of the sample in two di{zensions {s
accomplished in the present version of the Stanford N
acoustic microscope by maans of the apparatus depicted <.
here. The round disk holding the sample {s displaced o
horizoncally 100-200 um by a loudspeaker vibrating at '_
a2 frequency of 60 Hz. The vertical displacement of the e
sample and the loudspeaker assembly are driven by a .
direct-current electric motor (the vertical motion is
much slower than the horizontal motion). The reflected
acoustic signals from the sample are processed electro- e
anically and are used to modulate the intensity of the .
electron besm in a television aocnitor. The image s :,-
formed by scanning the electron beam across the screen i
in synchrony with the motion of the sample across the

focal point of the acoustic besa. It {s the ratio of S
displacements of the two beams that determines the mag- S
nification of the final image. o
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Fig. 6. Specular and Rayleigh reflected waves in the acoustic
aicroscope.

sin 8y = v, Vy

where Vg is the acoustic wave velocity in water, and VR {s the
Rayleigh wave velocity om the solid.

As shown in Pig. 6, two sfgnal components arrive back at the
lens, those which follow the Rayleigh wave path and those which
are specularly reflected from the surface. These two sets of rays
can interfere with each octher and may add i{n phase or out of
phase, depending om the distance z of the focal point from the
surface. As the lens is moved up «nd down, the voltage V(z) re-
ceived by the traansducer varies with z . As the lens is moved
across a surfacs whose aacerial properties vary, V(z) will vary.
Thersfore, the contrast changes obtained with the microscope are
very sensitive to surface properties.

Fig. 7 1s an illua:rasion of an image of a metal film laid
down on a glass substrate. The optical {mages shown for compar—-
ison and the images obtained at two different values of z are
also shown. It will be seen that the coantrast changes with z .
The poor adhesion of the natal films near their edges shows up
very clearly in the acoustic microscope pictures, but {s noc ob-
served optically. This {s because the Rayleigh wave velocity
varies radically with the adhesion of the metal fila., Consequent-
ly, acoustic microscopy techniques can be very useful for mesasur—
ing adhesion, bouding and other mechanical properties which are
difficult to evaluate by other t.chniqu.s.3

We have attempted to put acoustic aicroscopy on a more quan=

titative besis and have arrived at techniques for measuring the
phase .ng the amplitude of the reflected signal components separ—
atoly.“' This makes {t possible to determine the height and

width of surface features separately, as well as to determine sur-
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Fig. 7. Images of a meral film on glass. (a) An optical image.
(b) An image taken with a 2 GHz acoustic aicroscope. -.
(¢) An image with a defocus distance of =0.5yum . :
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face material properties from the measurement of the Rayleigh wave
velocity. It also makes it possible to carry ocut Fourier trans-
forms of the reflected {image and other kinds of processing since
both amplitude and phase {nformation are available. The tachaique’
employed {s i{llustraced in Fig. 8. A short tons burst {s i{nserted
into the transducer and is reflected from it. The specularly-
reilected component arrives at a different time from the Rayleigh
wvave component so that they can be msasured separately. Using
this technique, we can determine tha phase difference between
these two signals to an accuracy of 0.1° which corresponds to
bogng able to measure the Rayleigh wave velocity to one part in
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In an alternative mode of operation, we excite a hollow beam
on an outer ring surrouading the lens. This beam is reflected
from the substrate and is used as a refereace. We compare {t with
the reflection from a focused beam whose focal poinc is at the
su.race of the substrate. We can contzol the average height of -
the traasducer from the substrate by compariang the phase of the ’
signal returned from the reference besz (several millimeters {n
diameter) with an external reference; we use a piezoelectric
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SPECULAR REFERENCE
REFLECTION 8E AM
RAYLEIGH
e ,~ FOCUSED 8EAM
INPUT M- WAVE :,T;; ’V\r
-1 TOP ELECTROOE
S tASLLIALIL T RTS Zno OR L.Nw
LiNDOy : - iNDOy
—
v y
\ 2B 4 FUSED
L 4 QUART2 LENS
OUTER RING
! A 1 * FOR REFERENCE
:: WATER u SIGNAL
'° / PP2P272727277
SUBSTRATE /////
l EL SAMPLE 5;;//,////422§§2%7:////42
FOCUSED BEAM
LEAKY FOR WEIGHT
Saw MEASUREMENT
(a) ¢)

Fig. 8. (a) Rayleigh wave velocity messurement. (b) Acoustic
microscope lens for topography profiling.

pusher Co move the transducer up and down. As the transducer is
msoved scross the substrate, the phase of the specularly-reflected
focused beam (~30 um diameter) gives an accurate measure of the
height of the region being observed. By this means, we can mes-
sure changes in height of the surface to an accuracy of A/3000 ,
where A s the acoustic wavelength in water.
An example of work by Liang, Bennett, Khuri-Yakub and RKino is
shown ia Pig. 9, in which these techniques were used to measure the
thickness of a 5000 A layer of alzninun using SO MHz acoustic
waves with a wavelength of 30 um .~ The Raylaigh wave technique
vas then used to measure the velocity of a surface wave along the

aluminpum, thus giving a messure of the material properties of the
surface.

The technique can also be used to measure the width of sur—-
faca features very accurately. Using the focused beam, and nea-
suring its phase, we have been able to measure the width of sur—-
face filus whose widths are quite comparable to the spot size of
the beam. By using Fourier transform techniques, {t is possible
to put these measurements on a highly quantitative bdasis in which
the results do not depend too critically on :hg fact that the
focus of the beam {9 exactly at the substrare. Thus, acoustic
aicroscopy and related scanning optical microscopy techniques can
be very useful i{n this application.
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TOPOGRAPHY PROFILING

10
[ 3
3
’_5
9 Q
X (mm)
- EXPANOED SCALE
o0
L 3
=2
<
q fe] i [
5.3 &0 83 7.0
X(mm)

. VELOCITY PERTURBATION MEASUREMENT

1
°
o
3

Q i

Q

- .
Fig. 9. Measurements and topography of velocity perturbatiocn
taken with a 50 MHz acoustic microscope.

SCANNING OPTICAL MICROSCOPE

After we vere able to obtain good phase and amplitude tnfor-
mation directly with a scanned acoustic alcroscope, We were prowp=—
ted o seae 1f we could duplicace this kind of operation with an
optical maicroecope. Ona of the problems with scanning optical
mic-lscopy, or any kind of quantitative zicroscopy for that mac-
ter, {s that, because of the precision required, vibracions can
cause great difficulrty {n osasurements. Therefore, a very solid
optical bench and other equipment are needed. One of our aims was
to eliminace this difficulty; another was to use nodern electronic
signal processing techniques to Isasure phase to an accuracy of a
few degrees rather than using standard optical {nterference tech-
aiques. This would make {t possible to zeasure, simultaneously,
the width and height of surface profiles using the same system.
Presently, such zeasurements of width can typically be amade with
one kind of device, and measurements of height with another, but
{t i3 aot usually possible to measure the height or thickness ac-
curately in regions of very smsll transverse dimensions.
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PHASE o SETECTOR =AML TUDE

SIGNAL ReFENENCE
i |
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an OETECTORS
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(b) <= =

MICROSCOPE
QBJECTIVE

8RAGG / SAMPLE

~
~
~
l“
A)

Fig. 10. Scanning optical microscope. The Bragg cell splits the .
input beam and scans the deflected and frequency shifted =
beam across the sumple. The undiffracted beam is used
as a reference. (a) Simplified schematic. (b) Secomn=
dary reference on sampla to compensate for surface cilt.

The system we have developed is an electronically=scanned op=-
tical microscope with a stationary reference on the sample so as
to eliminate the effect of vibrations. The basic devica is shown
in Figs. 10a and 10b. A laser beam of frequency f? is passed
through a Bragg cell whose frequency can ba varied Irom 60-110
MAz . The Bragg cell deflects the acoustic beam. The deflection
angle is linearly proportionai to the frequency fg , the input o
the Bragg cell. A deflected and undeflected beam pass through a
microscopa objective lens, producing two focused spots on the sur-
face of the sample. The incident beams are reflected from the -
sample, pass again through the Bragg cell, and produce two signals

along the path shown; these signals are of frequencies fO + EB
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Fig. 11. Theoretical and axperimental phase profiles of a step
taxen with plane wave illumination (solid line) and a
confocal lens system (broken lina).

and f. - £, raspectively. The phade difference between these
two signals  {s equal to the optical phase difference of the two
reflected beams from the sample. By passing the received beams
into a photodetector, a product signal is obtained from the photo-
detector at a frequancy ifg whose amplitude depends on the am
plitude of the scanned beam and whose phase 1s the phase differ-
euce of the signals of tha two beams. We therefore have arrived
at a technique for measuring the phase and amplitude of the opti-
cal beams, but carry out this mnaaugemnn: at frequencies that can
be handled by electronic circuitry.

The actual system {s somevhat more complicated because it (3
aecessary to provide a reference 3ignal ac a frequency 2fg .
Since there is a phase change from the input signal to the 3ragg
cell to the point where the optical beam {s {ncident, and this
phase change varies with frequency, and hence deflection angle, it
i{s nacessary to eliminate this error. We do this by using two {(n=-
cident beams on the 3ragg cell, as shown in Fig. lOb, obtaining
the reference signal from the second set of beams. The second set
of beams (s passed through a nar~ '« aperture and therefore pro-
duces two wide beams on the sample whose transverse size is per-
haps £ifty times that of the well-focused spot. Therefore, as the
secondary set of reference beams is scanned by the Bragg cell, it
{s not much affected by fina changes in surface profile.
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Fig. 12. Amplitude and phase variation acroes am alumisum step on

a metallized substrate. The phasa step indicates a
height of 820 A .
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A major advantage of this reference system {s that it {s aei-
ther sensitive to vibration normal to tha lens, or to zilt. The
operating system (s so insensitive to these parameters that bang—
ing on the optical bench with a hand has very little effect.

Another advantage of such 4 scanned optical system i{s that,
because the same beam (s used for transmission and reception, the
point spread function of the lens {s squared. Hence, the sidelobe
levels are extremely low, and thers is very little ripple when one
observes sharp steps. We have carried out a detailed theory to
predict what should occur and have carried out msasurements to
confirm our theory. Soma simple results which vere obtained for
the acoustic microscope are shown in Fig. 1.* As the bYean (s
passed over a step, the transition is extremely smooth as opposed
to what would be expected theoratically for a plane wave {llumina-
tion, where the transition shows some ripple. The theoretical
profile to be expected for this counfocal scanned system is shown
as the dashed line; the experimental results for the acoustic
microscope are shown as points. The agreement {s excellent.

We have used this optical microscope to obtain the results
shown {n Fig. 12; in these preliminary cgpcrimnnts wa measured a
step of 800 & of aluminum on alumioum. It will be seen that




N
~
the mssasured phase 1is in good sgreement with what would be expec- \::
ted. The amplitude profile is ouly ia fair agreement with what
would ba expected; later results indicate far bettar agreement 3
than shown here. ::.
PHOTOACOUSTIC TECHNIQUES <
Photoacoustic methods are ideal for measuring thermal prop- o
arties of materials such as ths integrity of a bond between a ’
silicon substrats and a heat sink, the lack of adhesion of a metal N
f1lm, the presence of near—surface defects in materials, and the RS
integrity and quality of current-carrying conductors. Ralated .:
techniques can also ba useful for measuring electronic properties ;\
of mataerials such as doping dansity profiles and recombination e
rates of carriers. We shall describe hers a subset of problems of
this nature which we have investigated. Other related pfoblcm
are described in a paper in this issue by Stearus et al. o
The tachnique we have employed {s different from coaveantional -
photoacoustic methods. Most commonly, a heat source such as a .
modulated light beam is incident ou a suplo.s This wmodulates the -
oear-surfacs Cemperaturs of the sample. In turn the thermal ex- "
pansion and contraction of the material, caused by the change in .
temperature, excite an acoustic wave in the msterial which is de- '_:‘_-
tected with an acoustic transducer on the opposits side of the ta
sample. An alternative method, which has been used extensively, _f
is to mmasure the acoustic vave generated in the air above the >
sample. o ]
In one example, showun in Fig. l3a, we excite an acoustic sur— :::
face wave with a vedge crangduccr placed on the sample and receive -
it on a similar, transducer.” The modulated light incident om the "
sample changes its near—-surface temperature. This temperature mo- ’,.:
dulation i{n turm varies the phase of the received signal. Thus,
with this technique, tha laser heating perturbs an acoustic wave ‘
rather than excites one. A second mathod, shown in Fig. l3b, uses o
an acoustic wave incident om the surface of the substrate from a \
focused transducer in air; the raflaected wave is received on a s"
second transducer. The phase change of the acoustic wave caused :
by the temperature modulation of the air yields a direct aseasure- a
ment of temperature. The techniqua is extremaly sensitive and can —
be operated over a broad band of frequencies. It also has the ad- )
vantage that it can be used to localize the regioo being examined. N
In another example of the technique, an acoustic =alcroscope ex— -
cites acoustic surfacs waves so that we can examine regions where ;!‘
the temperature i{s modulated on the surface of a zaterial. In .
this case we obtain the transverse definition of the acoustic
aicroscope. .
An accompanying paper by Stearns et al includes a discussion -
on how these technigques can be exploited to .?easute the thermal ol
properties of silicon bonded to a heat sink. We shall therefore ood
not discuss thermal measurements any further. Instead, we shall
focus on the utility of alternative mthogs which measure the {
electronic properties of a semiconductor. Kt
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TWO CONFIGURATIONS OF
THE MEASUREMENT TECHNIQUE

PHOTOACOUSTIC TECHNIQUE

LIGHT a
(MOOULATED) (a)

LIGHT HEATS SAMPLE

(b)
MOOULATED
LIGHT ACOUSTIC
TRANSDUCER

X

TEMPERATURE S
MOOULATED 8Y
LIGHT SQURCE

S

.ﬁ.:}: (e)
ﬁ.:

-e

Fig. 13. Counfiguracion of a photoacoustic messurement tachnique.
(a) Surface wvave measurement with a wedge traasducer.
(b) Acoustic transdocer in air. (c) An {llustration of
the path of a light beam and acoustic beams i{n air.

Suppoee we use the coufiguration of Fig. l3a with argon light
incident on a silicon sample. In this case, the light will gene-
rate electrons and holes. The electrons and holaes will, {n tum,
perturb the acoustic surface wave velocity. The perturbation will
be proportional to the carrier density. As the frequency of mo=
dulation {s increased, the phase perturbatiom will asot change ia
amplitude until the modulation frequency becomes comparable to the
recombination frequency of the carriers. At this point the ef-
fects begins to fall off. At very low frequencies temperature ef-
fects are also {mportant.

Sowe results taken on a P-type silicon sample are shown (n
Fig. 14. It is seen that the magnitude of the effect falls off,
as predicted. Furtherxzore, the phase of the perturbation relative
to the phase of the input chopping signal also changes, as {llus-
trated {n Fig. l4b., It will Se seen that the phenomenon is well
understood, and the agreement between expariment and theory is
excellent.
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The technique, therefore, provides s method of measuring re-
combination rates of carriers in a small region of the semicon- A
ductor. [f an acoustic amicroscope is used for exciting the sur—
face waves, then 1o contact need be made to the semiconductor.

CONCLUSIONS -

We have discussed a number of techniques for examination of
electronic devices. Dus to limitations of space, wa have concen=-
crated on only a few of the available mathods. The acoustic and
optical microscopes ares very powerful tools for measuring mechani- -
cal properties, adhesion surfage profiles, and sizes of small fes- it
tures. Photoacoustic techniques are useful for oessuring thermal
properties of materials; they can also be used for measuring elec- o
tronic properties. Related techniques may be useful for measuring y

. dopingoprotilu in materials without making coutact with the sur— g

: face. Other techniques, which employ acoustic waves excited in A
air, are also being developed for messuring surface profiles. The
great advantage of these techniques is that the surface is not
contaainated by the probing technique itself.
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